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Foreword

In 1957, the Thermophysical Properties Rescarch
Center (TPRC) of Purduc University, under the
leadership of its founder, Professor Y. S. Touloukian,
began to develop a coordinated experimental,
theoretical, and literature review program covering
a set of properties of great importance to science and
technology. Over the years, this program has grown
steadily, producing bibliographics, data compila-
tons and recommendations, experimental measure-
ments, and other output. The series of volumes for
which these remarks constitute a Yoreword is one of
these many important products. These volumes are a
monumental accomplishment in themselhes,  re-
quinng for their production the combined knowledge
and skills of dozens of dedicated specialists. The
Thermophysical Properties Rescarch Center  de-
serves the gratitude of every scientist and engineer
who uses these compiled data.

The individual nontechnical citizen of the
United States has a stake in this work also. for much
of the science and technology that contributes to his
well-being relies on the use of these data. Indeed,
recogmtion of this importance Is indicated by a
mere teading of the hst of the financial sponsors of
the Thermophysical Properties Research Ceanter;
leaders of the technical industry of the United States
and agencies of the Federal Government are well
represented.

Experimental measurements made in a labora-
tory have many potential applications. They might
be used, for example, to check a theory, or to help
design a chemical manufacturing plant, or 10 com-
pute the characteristics of a heat exchanger in a
nuclear power plant. The progress of science and
technology demands that results be published in the
open literature so that others may use them. For-
tunately for progress. the useful data in any single
field are not scattered throughout the tens of thou-
sands of technical journals published throughout
the world. In most fields, fifty percent of the useful
work appears in no more than thirty or forty journals.
However, in the case of TPRC, its field is so broad

that about 100 journals are required to yield fifty
pereent. But that other fifty percent! 1o scattered
through more than 3500 journals and other docu-
ments, often ttems not readily identitiable or ob-
tamable. Nearly $0,000 references dare now in the
files.

Thus. the man who wants to use existing data,
rather than make new measurements himselt, fuces
a long and costly task if he wants o assure himself
that he has found all the relevant results. More often
than not, a search for data stops after one or two
results are found--or after the scarcher decides he
has spent ¢cnough time looking. Now with the
appecarance of these volumes, the scientist or cngineer
who needs these kinds of data can consider himself
very fortunate He has a sinzle source to turn to;
thousands ot hours ot search timec will be saved,
innumerable repetitons of measurements will be
avoided. and several billions of dollars of investment
1n research work will have been preserved.

However. the task 1s not ended with the genera-
tion of these volumes. A critical evaluation of much
of the datas stitl nceded. Why are discrepant results
obtained by different experimentalists? What un-
detected sources of systematic error may affect some
or even all measurements? What value can be denived
as a “‘recommended’ figure from the various con-
flicting values that may be reported? These questions
arc difficult to answer, requiring the most sophisti-
cated judgment of a specialist in the field. While a
number of the volumes in this Series do contain
critically cvaluated and recommended data, these
arc still in the minority. The data are now being
more intensively evaluated by the staff of TPRC as an
integral part of the effort of the National Standard
Reference Data System (NSRDS). The task of the
Nationai Standard Reference Data System is to
organize and operate a comprehensive program o
prepare compilations of critically evaluated data on
the properties of substances. The NSRDS 18 ad-
ministered by the National Bureau of Standards
under a directive from the Federal Council for Science
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viil Foreword

: and Technology, augmented by special legislation
of the Congress of the United States. TPRC is one
of the national resources participating in the National
Standard Reference Data System in a united effort
to salisfy the needs of the technical community for
readily accessible, critically evaluated data.

As a representative of the NBS Oftice of Stan-
dard Reference Data, I wanttocongratulate Professor
Touloukizn and his colleagues on the accomplish-
ments represented by this Serics of reference data
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books. Scientists and engineers the world over are
indebted to them. The task ahead is still an awesome
one and 1 urge the nation's private industries and all
concerned Federal agencies to participate in fulfilling
this national need of assuring the availability of
standard numecrical reference data for science and
technology.
EpwarDp L. BrabDY
Associate Director jor Informatian Programs
National Bureau of Standards
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Preface

Thermophysical Properties of Matter, the TPRC
Data Sevies, is the culmination of twelve years of
pioneering effort in the generation of tables of
numerical data for acience and technology. It
constitutes the restructuring, accompanied by ox-
tensive revision and expansion of coverage, of the
original TPRC Data Book. first released in 1960 in
loase-leaf format. 117 x 177 an size, and issued in
June and December annually in the form of supple-
ments. The original loose-leal” Data Book was or-
ganized i three volumes: (1) metalhic elements and
alloys, (2) nonmetallic clements, compounds, and
mixtures which are solid at NT.P. and (3) nen-
metalie elements, compounds, and mixtures which
are liquid or gaseous at N.T.P. Within cach volume,
cach property constituted a chapter.

Because of the vast propertions the Data Book
began 1o assume over the years of ity growth and the
greatly increased effort necessary in ity nunintenance
by the user. it was decided in 1967 10 change from the
loose-leal’ format to a comvenuional pubhicauon.
Thus, the December 1965 supplement of the original
Data Book was the last supplement dissemuinated by
TPRC.

While the manifold  physical,
cconomic advantages of the bound volumie over the
loose-leal oversize Tormat are obvious and welcome
to all who have used the unwieldy onginal volumes,
the assumption that this work will no longer be
kept on a current basis because of its bound format
would not be correct. Fully recognizing the need of
many important rescarch and development progriams
which require the latest available information,
TPRC has instituted 4 Dara Update Plan enabling
the subscriber io inquire, by telephone if necessary,
for specific information and receive, tn many in-
stances, same-day response on any new data pro-
cessed or revision of published data since the Jatest
cdition. In this context, the TPRC Data Scries departs
drastically from the conventional handbook and
giant multivolume c¢lassical works, which are no
longer adequate media for the disserination of

logistic, and

numerical data of science and wechnology without a
continuing activity on contemporary coverage. The
loese-leaf arrangements of many works fully recog-
nize this fact and attempt to develop a combination
of bound volumes and loose-leaf supplement arrange-
ments as the work becomes increasingly large.
TPRC’s Data Update Plan is indeed unique in this
sensc since 1t maintains the contents of the TPRC
Data Scries current and hive on a day-to-day basis
between cditions. In this spirit, 1 strongly urge all
purchasers ol these volumes o complete in detail
and return the Volume Registration  Certificate
which accompanies cach volume in order (o assure
themselves of the continuous receipt of annual
listing of corngenda during the hic of the edition.

The TPRC Data Scries consists initially of 13
independent volumes. The nitial ten volumes will
be published in 1970, and the remaining three by
1972. 1t is also contemplated that subsequent to the
first edition, cach volume will be revised, updated,
and reissued in a new edition approximately every
fifth year. The orgamization of the TPRC Data Series
makes cach volume a self~contained entity available
individually without the need 1o purchase the entire
Series.

The coverage of the specific thermophysical
propertics represented by this Senies constitutes the
most comprehensive and authoritauve collection of
numerical data of its kind for science and technology.

Whenever possible, a uniform tormat has been
used 1 all volumes, except when variations in
presentation were necessitated by the nature of the
property or the physical state concerned. In spite of
the wealth of data reported in these volumes, it
should be recagnized that all volumes are not of the
same degree of completeness. However, as additional
data are processed at TPRC on a continuing basts,
subsequent editinons will become increasingly more
complete and up to date. Each volume in the Series
basically comprises three sections, consisting of atext,
the body of numerncal data with source references,
and a material index.
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The aim of the textual material is to provide a
complementary or supporting role to the body of
numerical data rather than (o present a treatise on
the subject of the property. The user will find a basic
theoretical trecatment, a comprehensive presentation
of selected works which constitute reviews, or coin-
pendia of empirical relations useful in estimation of
the property when there exists a paucity of data or
when data are completely lucking. Established
major experimental techniques are also  briefly
reviewed.

The body of data is the core of cach volume
andis presented inboth graphical and wbnlar formats
for convenicnee of the user. Every single point of
numerical data s fully referenced as to its original
source and no secondary sources of information are
used in data extraction. In general, tt has not been
posstble o critically scrutinize all the original data
presented i these solumes, except to chiminate
perpetuation of gross errors. However, in a signift-
cant number of cases, such as for the properties of
kguids and gases and the thermal conductivity of
all the elements, the task of Tull evaluation, synthesis,
and correlation has been completed. 101s hoped that
i subscquent editions of this contmuing work.
not only new anformation will be reported but the
critical evaluation will be extended 1o increasingly
broader classes of materials and properties.

The third and tinal major section of cach volume
is the material index. This is the key to the volume,
enabling the user to eacrcise full freedom of access to
its contents by any choice ol substance name or
detailed alloy and mixture composition, trade name,
synonym, cte. Of particular interest here 1s the fact
that in the case of those properties which are re-
ported in separate companion yolumes, the material
mdex in cach of the volumes also reports the con-
tents of the other companion volumes.* The ots of
companion volumes are as follows:

Thermal conductivity:
Specitic heat:
Radiative propertics:
Thermal expansion:

Yolumes ), 2, 3
Volumes 4, 8, 6
Volumes 7. 8, 9
Volumes 12, 13

The ultimate aims and functions of TPRC's
Data Tables Division arc to extract, evaluate, re-
conaile, correlate, and synthesize all available data
for the thermophysical properties of materials with

*}or the liest edition of the Series. this arrangement was not
feasible for Yolume 7 duc to the sequence and the schedule
of e publication. This situation will be resolved in sub-
scyuent editions.

—— e — e ——————
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the result of obtaining internally consistent sets of
propearty values, termed the “recommended reference
valuus.” In such work, gaps in the data often occur,
foi ranges of temperature, composition, etc. When-
ever feasible, various techniques are us.d to fill in
such missing information, ranging from empirical
procedures to detailed theoretical calcuiations. Such
studies are resulting in valuable new estimation
methods being developed which have made it possible
to estimate valucs for substances and/or physical con-
ditions presently unmeasured or not amenable to
laboratory investigation. Depending on the available
information for 4 particular property and substance,
the end product may vary from simple tabulations of
1solated values to detailed tabulations with generating
cquations, plots showing the concordance of the
different values, and, in some casces, over g range of
parameters presently unexplored in the laboratory.

The TPRC Data Series constitutes a permanent
and valuable contribution to science and technology.
These constantly growing volumes are invaluable
sources of data to engineers and scientists, sources in
which a wealth of information heretofore unknown
or noi readily available has been made accessible.
We look torward 1o continued improvement of both
format and contents so that TPRC may serve the
scientific and technological community with ever-
increasing excellence in the years to come. In this
connection, the staff of TPRC is most anxious to
receive comments, suggestions, and criticisms from
all users of these volumes. An increasing number of
colleagues are making available at the earliest pos-
sible moment reprints of their papers and reports as
well as pertinent information on the more obscure
publications. 1 wish to renew my earnest request that
this procedure becomesga universal practice since it
will prove to be most helpful in making TPRC's
continuing effort more complete and up to date.

It is indeced a pleasure to acknowledge with
griatitude the multisource financial assistance re-
ceived from over fifty of TPRC's sponsors which
has made the continued generation of these tables
possible. In particular, I wish to single out the sus-
tained major support being received from the Air
Force Materials Laboratory-Air Force Systems
Command, the Office of Standard Reference Data-
National Bureau of Standards, and the Office of
Advanced Research and Technology-National Aero-
nautics and Space Administration. TPRC is indeed
proud to have been designated as a National In-
formation Analysis Center for the Department of
Defense as well as a component of the National
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Standard Reference Data System under the cog-
nizance of the National Burcau of Standards.

While the preparation and continued mainten-
ance of this work is the responsibility of TPRC's
Data Tables Division it would not have been possible
without the direct input of TPRC’s Scientific Docu-
mentation Division and. to a lesser degree, the
Theoretical and Experimental Research Divisions.
The authars of the various volumes are the senior
staff members in responsible charge of the work.
It should be clearly understood, however, that
many have contributed over the years and their
contributions are specifically acknowledged in each
volume. I wish to take this opportunit; to personally

——

Preface xi

thank those members of the staff, research assistants,
graduate research assistants, and supporting graphics
and technical typing personnel without whose dili-
gent and painstaking efiorts this work could not have
materialized.

Y. S. TOULOUKIAN

Director
Thermophysical Properties Research Center
Distinguished Atkins Professor of Engineering

Purdue University
Lafavette, Indiana
July 1969
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Introduction to Volume 1

This volume of Thermaophysical Properties of Matter,
the TPRC Data Series, is perhaps the most compre-
hensive of all the volumes of the Series. Indeed, it is
the result of one of TPRC's oldest data tables
programs, initiated in 1959,

The volume comnprises three major sections.
namely, the front text material together with its
bibliography, the main body of numerical data and
its references, and the material index.

The text material is intended to assumc a role
complementary to the main body of numerical data
which is the primary purpose of this volume. Jt is
felt that a moderately detailed discussion of the
th2oretical nature of the property under consideration
tugether with a review of predictive procedures and
recognized experimental techniques will be appro-
priate in a major reference work of this kind. The
extensive reference citations given in the text should
lead the interested reader to sufficient literature for a
detailed study. It is hoped, however, that enough
detail is presented for this volume to be self-con-
tained for the practical user.

The main body of the volume consists of the
presentation of numerica! data compiled over the
years in a most comprehensive and meticulous
manner. The scope of coverage includes the metallic
elements and most metallic alloys and intermetallic
compounds of engineering importance. The extrac-
tion of all data directly from their original sources
ensures freedom from errors of transcription.
Furthermore, some gross errors appearing in the
original source documents have been corrected.
The organization and presentation of the data
together with other pertinent information in the use
of the tables and figures are discussed in detail in the
section entitled Numerica 1ata.

The part of the data tables covering the elements
deserves special mention. We wish to point out that
the extensive original literature data from near
absolute zero to past the melting point have been
critically reviewed and analyzed, and ‘‘recommended
reference values™ are presented.

Such recommended values are those that were
considered to be the most probable when assessments
were made of the information available in late 1968.
Their inclusion adds a unique feature that is designed
to provide the user with acceptable values. It should
be realized, however, that these recommended values
are not necessarily the final true values and that
changes directed toward this end will often become
necessary as more data become available. Future
editions will cort. "1 these changes and will provide
similar recois n.-ndations made for an increasing 3
number of materials. :

As stated earlier, all data have been obtained
from their original sources and each data set is so
referenced. TPRC has in its files all documents ;
cited in this volume. Those that cannot readily be
obtained elsewhere are available from TPRC in
microfiche form.

The material index at the end of the volume
covers the contents of all three companion volumes
(Volumes 1, 2, and 3) on thermal conductivity. :
It is hoped that the user will find these comprehen-
sive indices helpful.

This volume has grown out of activitics made
possible, initially by TPRC's Founder Sponsors,
and, since 1960, through the principal support of the
Air Force Materials Laboratory—Air Force Systems
Command, under the monitorship of Mr. John H.
Charlesworth. The effort to make critical assessment
of the data for the elements was made possible
through the support or the Office of Standard
Reference Data—National Bureau of Standards,
under the monitorship of Dr. Howard J. White, Jr.
Over the past ten years, many graduate students and
research assistants have rendered assistance for
varying periods under the authors’ supervision.
We wish to acknowledge in chronological order of
their association with TPRC, the contributions of
Messrs. K. H. Chu, C. Y. Wang, A. Cezairliyan, 3
K. C. Lin, D. Y. Nee, R. L. Feng, J. J. G. Hsias, ;
M. Mangkornkanok, M. Nalbantyan, G. K. Kirjilian, 3
and Mrs. E. K. C. Lee, and Mr. K. Y. Wu, The
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xiv Introduction to Volume 1

two jast mentioned are stili at TPRC and partici-
pated in the final organization of the tables and
figures and the demanding task of checking of
details. We wish also to acknowledge the benefit of
extensive discussions with Dr. J. Kaspar, Senior
Staff Scientist, Materials Sciences Laboratory,
Acrospace Corporation, and with Dr. A. Cezairliyan,
Physicist, National Bureau of Standards. They are,
respectively, Visiting Research Professor and Con-
sultant at TPRC.

Inherent to the character of this work is the
fact that in the preparation of this volume, we have
drawn most heavily upon the scientific literaturce
and feel a debt of gratitude to the authors of the
referenced articles. While their often discordant
results have caused us much difficulty in reconciling
their findings, we consider this to be our challenge
and our contribution to negative entropy of informa-
tion, as an effort is made to create from the randomly
distributed data a condensed, more orderly state.

While this volume is primarily intended as a
reference work for the designer. researcher, experi-
mentalist, and theoretician, the teacher at the
graduate level may also use it as a teaching tool to

point out to his students the topography of the state
of knowledge on the thermal conductivity of metals.
We believe there is also much food for reflection by
the specialist and the academician concerning the
meaning of “'original” investigation and its “informa-
tion content.”

The authors and their contributing associates
are keenly aware of the possibility of many weak-
nesses in a work of this scope. We hope that we
will not be judged too harshly and that we will
receive the benefit of suggestions regarding references
omitted, additional material groups needing more
detailed treatment, improvements in presentation
or in recommended values, and, most important,
any inadvertent errors. If the Volume Registration
Certificate accompanying this volume is returned,
the reader will assure himself of receiving annually
a list of corrigenda as possible errors come to our
attention,

Y. S. TOULOUKIAN
R. W. PowkeLL

C. Y. Ho

P. G. KLEMENS

Lafayette, Indiana
July 1969
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f . Grouping of Materials and List of Figures and Tables xvii
GROUPING OF MATERIALS AND
: LIST OF FIGURES AND TABLES

1. ELEMENTS E
Flgua;(l:ea;‘\gi'or Name Sy mbol Page No. é
1* Aluminum Al e e e e 1 é
2* Antimony Sb Y 10 5

3 Arsenic As . L LT 16
4* Bouryllum Be 18 E
5* Bismuth Bi S 25 :
6* Boron B e e e e e e e e e e 41 ;
7 Cadmium cd 45 g
8* Cerfum Ce . . . L L 50 52
g* Cesium Cs . . . Lo 54 ;
10¥% Chromjum Cr . . ... e e 60 i
11* Cobalt Co - . . oo A E
12* Copper Cu . s 68 ;
134 Dysorosfum Dy . . . .o e e 82 E
14* Erbjum Er . . . . . . 00 e e e 86 3
15 Europium 2 90 z
16* Gadoltnjum - 4
1% Galltum Ga . . .. L 97 gf
18* Germanjum Ge L e e e e e e e e e e 108 %
19% Gold Au . L Lo 132 d%
20% Hafmium Ht . . . . . . . . . . . . . . . . 138 =
21* Holmium Ho Ce e e e e e e e e e e e 142 =
22+ Indium T 1 E

23* Iridium Ir Y 152

24% Iron Fe . . . . .. L0000 156

25* Lanthanum La . . . . .. e e 11

26* Lead Pb 175

27% Lithium Li e e e el e e e e e e e e 192

28* Lutetium Lu - . 198
29* Magnesium Mg . . . . e e e e e 202
30% Manganese 1) 3
3 Mercury HE o o e e e 212
32* Molybdenum Mo . . . . . 0 . 0w . .. 222 E
age Neodymium Nd . . . . . v e e ... 220 E
! 34 Neptunium Np . . . o e e e s 23 E
35% Nickel Ni e e e e e e e e e e 7
. 36* Niobium Nb . . . . . . . .« . . . .. . . 245 §
|‘ 37* Osmium O8 . . . . . ... e e 254 ﬂ
x 38+ Palladium Pd . . . . . . . ... . . .. .. 288 3
| 39° Platinuin S 1 !

i ’Number marvked with an asterisk indicates that recommended values are also reported for this material

| on sopurate iigure and table of the rame number followed by the letter R. 3
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xviil  Grouping of Materials and List of Figures and Tables

1,

2.

ELEMFENTS (continued)

FlgTueL(;eﬂ;\J%iOl‘ Namu Symbol
40” Plutonjum Pu . .. 0 0 o ey e e e
11* Potagsium K C e e e e e e e e e e e
42" Praseodymium Pr . . . .. L e e e
43 Promethium Pm . . . v . 0 000 e e e
44" Rhenjum Re . . v v v v e e e e e e
45* Rhodjum Rh . . . . 0000
46 Rubidjum Rb . . . . . . 0.
47¢ Ruthenium Ru . . . . . . e e e
48" Samarium Sm .. . e e e e e e e e
49”7 Scandium S¢ S
507 Selenium Sc C e . . e e
517 Silicon St S
527 Silver Ag . L oo s
53" Sodium Na . . . . ...
54" Tantalum 0
55 Technetium Tc e e e e e e e e e e
56~ Tellurium Te . . . . « « 4 .0
57* Terbium Tb . . .
58 ¢ Thallium Tl ..
547 Thorium Th . . .00
60* Thulium Tm . . . v . e e
61" Ttn Sn C e e e e e e e e
62" Titanium T e e e e e e e e e e
63° Tungsten w e e e e e e e e e
64° Uranjum U . N . . .
65" Vanadium v . e o
66° Ytterbium Yb e e - e
67" Yurium Y e e e .o . .
63 Zinc /2 1
69* Zirconium /3
NONFERROUS BINARY ALLOYS
Fl%u&ien:ci/.'or Name Formula
70 Aluminum + Antimony Al +8Sb . . . o s e e e e e
n Aluminum + Copper AL+ Cu . . . s e e e e e e e
72 Aluminum + Iron Al+ Fe . . . . . . . L a0 e e
73 Aluminum * Magnesium Al+Mg . . . o o o 00w s e
74 Aluminum + Silicon Al+S81 . o . . . s e e e e e e
75 Aluminum + Tin Al+Sn . . . . L e e e e
76 Aluniinum + Urandum Al + U Coe e e e e e e e
77 Aluminum ° Zinc Al+2Z2n . . . . . Lo e e e
V8 Antimaony + Aluminum Sb+ Al . . . . L .. L
79 Antimony + Bismuth S+ Bl ... . e e e e

Number marked with ar asterisk indicates that recommended values are also reported for this materlal
on separate fygure and table of the same number followed by the letter R,

Page No.

270

281

285

288
292

296
300
305
369
313
326
340
349
3455
363
366
372
376

385
389
110
415
429
441

4496
449
453
461

Page No.

469

. 470
. 474

477
480

. 483

464
487
488
189
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Grouping of Materials and List of Figures and Tables xix

. 2. NONFERROUS BINARY ALLOYS ({continued)
g : F‘%“&;L;:;%/_ or Name Formula Page No,
30 Antimony + Cadmium Sb+Cd . . ., . . . e e e e 492
f 3l Antimony + Copper Sb+Cu . . . L0 0L e 495
§2 Antimony + Lead S+Pb .., 00 . . e 496
83 Antimony + Tin Sh+S&0 . . . . PR P . 497
: 34 Berylium + Aluminum Be + Al . | .o . . 498
; 85 Beryllum + Magnesjum Be+Mg . . . . . . . .00 00 e 499
§ &6 Bismuth + Antimowy BI+8 . . . .0 . 0L s s e 502
a7 Bismuth + Cadmium BL+Cd . . Co e e e e e e 505
88 Baismutls + Lead Bi + Pb e e e e e e 508 E
89 Bismuth + Tin Bi + Sn e e e e e e e s e 511
1 - 90 Cadmium + Antimony CAd+Sh . . . . v e e e e e e e 514
91 Cudmium + Bismuth Cd+BL . . . . . . .00 e s 517 E
: 32 Cadmjum + Thallium Cd+Tl . . . . . . « . « v ... 520 E
: us Cadmium + Tin Cd+Sa . . Co. e 521 i
E 94 Cadmium + Zinc Cd+ Zn C e e e e e e 524
: 95 Chromjum + Nickel Cr+Nt ., . . . e e e e e e 525 E
E 96 Cobalt + Carbon Co+ C e e e e v e e 526 E
97 Cobalt + Chromium Co+Cr . . . . . . . .. 527 :
E 98 Cobalt + Nickel Co+ NI . . . . . . .0 .0 e 0. 528 2
2 99 Copper + Aluminum Cu+ Al . . . . . . Lo 0 e e . 530 b |
t 100 Copper + Antimony Cu+S . . . . . L ... 534 3
E 1l Ccopper + Arsenuc CutdAs « « « v . o e e e, . 535
¥ 102 Copper + Beryllium Cu+ Be . . e e - 638
E 103 Copper + Cadmium Cu+Cd . . P « e . . 541
; 104 Copper + Chromjum Cu+Cr . . . . . . .. e e e e e 542
3 105 Copper + Cobalt Cu+Co . . . .+ . - . . .0 .. 545
106 Copper + Gold Cu++Au . . . % . . . .. . .. ... | sa8 3
107 Copper + Iron Cu+Fe . . . . . . .. . 551 3
103 Copper +~ Lead Cu+Pv . . . . . . .. e e e 554 =:
3 109 Copper + Manganese Cu+Mn . . . Ve e e e e e 557 ;
110 Copper + Nickel Cu+ Nt ., , . . e 561 E
111 Copper + Palladium Cu+d v v v v v 4 e e e e . . . . 568 3
- 112 Copper + Phusphorus Cu+P . . ... e e . sT :
113 Copper + Platinum Cut+tPL , , . . . . « o PN 574
114 Copper + Silicon Cu+ 8l . v v v e e e e e e . 575 E
, -0 115 Copper + Silver Cu+Ag . . . . . o .. e e e e e 578 2
' : 116 Copper + Tellurium Cu+Te + « o « o . .. ... 581 3
’ 117 Copper + Tin CutBn . . . o o e e e e e e 584 e
118 Copper + Zinc Cutdn . . « v « o o o e .- e e 688 3
H . 119 Germanjum + Silicon Ge+ 8l . . . 4 0 0 s e e e e 597 g
: 120 Gold + Cadmium Au+Cd . . . . . . . e . ... 600 g
121 Gold + Chromium Au+Cr . . . . . .0 e e 603 -
122 Gold + Cobalt AU+ Co v v v v e e e e e e e 606 %
123 Gold + Copper AL+ CU v v v v v e e e e e e e 608 3
124 Gold + Palladiwa Au+ Pd . o Lo 0 L 00 614
125 Gold + Platinum Au + Pt . . . e e . e 617
. 126 Gold + Stlver Au+Ag . . o Lo e e e e e 620
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Grouping of Materials and List of Figures and Tables

2. NONFERROUS BINARY ALLOYS (contnued)

Figure and,/or
Table No.

130

132
133
134
135
136
1357
135
139
140
141
142

144
145
146
147
148
149
150
151
152
153
164
155
156
157
158
159
160
161
162
163
164
165
166
167
16%
169
170
171
172*

Name

Gold + Zinc

Hafnium + Zircontum
Indium + lead

Indium + Thallium
Indjum + Tin

Lead + Antimony

Lead + Bismuth

Lead + Indium

Lead + 3ilver

Lead + Thalbum

Lead + Tin

Lithium + Sodiuin
Magnesium + Aluminum
Magnesium + Cadmiwn
Magnesjum + Calcium
Magnesium + Cerium
Magnesium + Copper
Magnesjwmn + Manganese
Magnesium + Nickel
Magnesium + Silicon
Magnesium + Silver
Magnesium + Tin
Magnesium + Zinc
Manganese + Copper
Manganesc + lron
Manganesc + Nickel
Mercury + Sodium
Molytxdenum + Jron
Molybdenum + Titanium
Molybdenum + Tungsten
Nickel + Chromjum
Nickel + Cobalt

Nickel + Copper
Nickel + Iron

Nickel + Manganese
Niobjum + Uranium
Niobjwn + Zirconium
Paliadium + Copper
Palladfum + Gold
Palladium + Platinum
Palladium + Silver
Platinum + Copper
Platinum + Gold
Platinum + Iridium
Platinum + Palladium
Platinum + Rhodium

-
Number marked with an asterisk Indicates that recommended values are also
on germrate {igure and table of the same numher followdi! by the letter R.

Formula

Au + ZIn
Hf + Zr
In+ bb
In+ Tl
In+ Sn
Ph + Sb
Pb + Bi
b+ In
Ph + Ag
PL+ Tl
Pbh + &n
L4+ Na
My + Al
My + Cd
Mg + Ca
Mg + Ce
Mg + Cu

Mg + Mn .

My + Ni
Mg + S
Mg + Ay
Mg + Sn
Mg + 2n
Mn + Cu
Mn + Fe
Mn + Ni
g + Na
Mo + Fe
Mo+ T§
Mo + W
Ni + Cr
Ni+ Co
Ni+ Cu
Ni + Fe
Ni + Mn
Nh+ U

Nb + Z2r
Pd + Cu
Pd + Au
Pd + Pt
Pd + Ag
Pt + Cu
Pt + Au
Pt + Ir

Pt + Pd
Pt 4 Rh

reported for this

material

Page No,

623
624
627
630
634
637

643
646
649
652
655

690

634
697
700
703
707
710
713
716

723
726
727
730
733
734
737
738
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Figure and/or

Table No. Name
: 173 Platinum + Ruthenlum
r 174 Platinum + Silver
175 Plutondum + Alununum
176 Plutonium + lron
177 Potuggium + Sodium
178 - Rubidium + Cesium
179 Selenium + Bromine
130 Svclenjum + Cadmium
181 Selenium + Chlorine
152 Selenjum + lodine
183 Sclenium + Thalbum
154 Silicon + Germanium
185 Silicon + Iron
1o6 Silver + Antimony
187 Silver + Cadimum
lon Silver + Caopper
139 Silver + Guld
190 Silver ¢+ Indium
141 Silver ¢+ Lead
192 Silver + Mang.uutese
193 Silver ¢ Palladium
194 Silver + Platint
185 Silver + Tin
196 Silver + Zinc
197 Sodium + Mereuny
195 Sodium + Polassium
199 Tantalum + Niobium
200 Tantulum + Tungsten
201 Tellurium + Sclendum
202 Tellurium + Thalbum
203 Thallbum + Cadmium
204 Thallium + indaum
205 Thallium + Lead
’ 206 Thallium + Telurjum
207 Thalljum + Tin
208 Thorium + Uranium
209 Tin + Aluminum
210 Tin + Anttmony
211 Tin + Bismuth
212 Tin + Cadmium
213 Tin + Copper
214 Tin + Indjum
215 Tin + Lead
216 Tin + Mercury
217 Tin + Silver
218 Tin + Thaldum

2, NONFERROUS BINARY ALLOYS (continued)

Grouping of° Materials and List of Figures and Tables xxi

Formula

Pt + Ru
Pt + Ag
Pu + Al
Pu + Fe
K+ Na
Rb + Cs
Sc + Br
Sc + Cd
Se + Cl

S1 + Foe

Ag + Cd

Tl + Pb
Tl Te
Tl + 8n
Th+ U
En + Al
Sn + Sh
Sn + Bi
Sn + Cd
Sn + Cu
Sn + In
$n + Pb

sn + Ag
sn + Tl

S 1
B 1.
S |
I | .

B 2}

e v o« .+ . . . B23
-

e 4 e o+ . . . B33
P - X1

.« . 839
S 842
e e e e 845

e e . . . . 846
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xxit  Grouping of Materials and List of Figures and Tables
2. NONFERROUS BINARY ALLOYS (continued)
“!}‘;Ei::%’:m Name Formula
219 Tin + Zinc En+2Zn . . . v 0 e e e
220 Titandum + Aluminum TiI+ Al o . . 0 0 0 v e
221 Titanium + Manganesc Ti+Mn . . . « . .
222 Titanjum + Oxygen Ti+ O F S S .
223 Tungsten + Rhenium W+Re . . . . . . .. .
224 Urantum + Aluminum U+ Al C e e e e e .
225 Uranlum + Chromium L 3 S
226 Uranjum + Iron U+Fe . . o « & « « v v W
227 Uranjum + Magnesium U+ Mg . . . . . . .
22 Uranium =+ Molybdenum UrMo . . . . . . -
229 Uranium + Niobium VXN o o 00 e 0.
230 Cranjwn + Silicon U+ 8i e e e e e e e .
231 Uranium + Zircondum U+ 2r e e e e e e
232 Vanadium + Jron V 1+ Fe FS
2349 Vanadfum = Yitrium V+y C e e e e e e
234 Zanc + Aluminum 2n+ Al . L L 00 0 0 0w e
235 Zinc + Cadmiwn 2n+Cd . . L 0w e v e e e
236 Zircondum + Aluminum Zr+ Al .. . .0 . P
2317 Zircondum + Hafruum /2 S ¥ |
23n Zirconiunt + Niobium Zr+Nb . . .
239 Zircomum t+ Tin Zr+8Sn . . 0 0 e e e
240 Zirconium + ‘fitanjium 2 S e O
241 Zirconium + Uranjum Zr + U P
3. NONFERROUS MULTIPLE ALLOYS

242 Aluminum - Copper « IX; Al+Cu+ XXy . . . o . ...
243 Aluminum + lron + IX; Al+Fe+ DX, . . . . . . . .
2¢4 Aluminum = Magnesium + IX; Al+ Mg+ LX; .« v o o - . .
245 Aluminum + Manganese + IX; Al+MMn+ IX; . . . 0 . 0.
246 Aluminum + Nickel + IX; Al+ Nt+ X . . . . ...
247 Aluminum ¢ Sflicon + EX; Al+sE+ IXp . . . o 0.

' 245 Aluminum + Zinc + IX, Al+Zn+ IX; 0 o . 0.

, 249 Aluminum + IX; Al + IXy e e e e e

! 250 Antimony + Berylllum + X Sb+Be+ DX . . . . .. .

: 251 Berylljum + Fluorine + IX, Be + F + IX; P

l ' 252 Beryllium + Magnesium + IX; BerMg+ DX, . . . . . . . ..

: .t 253 Bismuth + Cadmium + IX, Bi+Cd+ X3 o .« . ..

{ :

i ' 254 Bismuth + Lead + IX; Bi+Pb+ZX, . . . . . . . ..

: ; 255 Cadmium + Bismuth + IX; CdrBI+ XXy . . . . o . . .

! ’ ‘. 206 Chromium + Iron + IN{ Cr+ Fe + LX; .

] 257 Cobalt + Chromium + IX, Co+Cr+ Xy . . . . . . . .

i 265 Cobal. + Lron + IX, Co+Fe+EX; . .« « « « . . .
259 Cobalt + Nickel + IX; Co« Ni+ IX; . . . .
260 Copper + Aluminum + IX; Cut Al+ IX;, . . . . . .

Page No.

890
291

395
905
905
911
914
917
322
9235
926

932
935
Y3
941
944
97
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3. NONFERROUS MULTIPLE ALLOYS (continued) E

h%\:‘ric:\:\\‘(::(’r Name Formula Page No, 2

; 3

B 261 Copper + Rerylljum + ‘.:Xl Cu + Be + D‘x e e e e e e e e 955 ;’

262 Copper + Cadmum + IN Cu+Cd+ IX;) © o o v v v 0 oL L. 956 3

263 Copper + Cobalt + IX, Cu+Co+ IX{ v v« v 0 o L v 957 3

264 Copper + Iron + IX, Cu+Fe+t IX, . . . . . . . . . 960 =

265 Copper + Lead + 1N Cu+ Pb+ IX, . o . . 961 ;

200 Copper + Mangancse + IX; CutMp+ IX- 0 & 0 v . oL e 964 E

267 Copper * Nickel + LX; Cu+ NE+ DX v v o 0 L, N :

263 Cupper + Silicon + LX; Cu+8S1+IX . . . .. .. .. 972 =

20y Coppur + Tin + IN| Cu + Sn+ IX| . . . 975 3

270 Coppey + Zine + IX; Cut 2n+ X L 979 E

271 Copper + Zirconium + L\I Cu + Zr + ‘_‘.‘(l e e e o ELE E

272 Lanthanum + Neodymm + IX; La+Nd+ IX; . 0 0 0 0 L 0L 9Rs 3

T Lead + Antimony 5 1N, Po+Sb+e IXp . 0 o 00 0 991 E

274 Lathaam + Boron 4 ““x Li+ B+ X . A .. 92 E
275 Lithium + Sodjum + X, Lo+ Nas ¥X, 000 000000 oo 99
276 Magnesiwn + Aluminum + TX, Mg+ AL+ IX; o o 0 0 0 0 0L 9938
3 2% Magnesium + Cerum + EX Mg+Cer IN v o 0 0 L L 1001

278 Magnesium ¢ Cobalt 1 IX) Mg+Cos X o v v v v v v 0 00 s E

2%y Magnesium + Copper + TN, Mg+ Cu+ IX, . . lous i

2ay Magnesium ¢ Nickel ¢ IN) Mg + N+ ENp L . . e 1uun 3
2w) Mangancse + Iron + IN, Mo+ Fes IX) 0 o 0 00 . oL 0L, . Tuoe

282 Manganese + Silicon + IX; Mao+Si+e DX, 0 0 . L L, 1012 E

253 Molyhdenar ¢ ron - IX L i G T L K 3

204 Nickel + Aluminum + IN NE+vAL+ TN L, L 0 0 0 s s 1o E

283 Nickel + Chromium + =X, N1+ Cr + ‘_';\i e e e e . 1017 E

256 Nickel + Cobalt 1+ IX, N1+ Co ¢ EX; . . 1028 3

2% Nickel + Copper + IX| NI+ Cu+ IX e e e e 1031 ,

28y Nickel » Jron + 1IN Ni+ I'e v IN N 1435 =

PER] Nickel + Manganese » IX, N1+ Mn r ‘_-..\l . . JEIRES E

299 Nickel + Molybdenum + IX; Ni+Mo+IX, . . .. . 1041 3

2u1 Nickel + IX, N+ LY S LI i

292 Nigbium = Molybdenum » IX; Nb o+ Mo + IX; P [N S LAY 3

293 Niobium » Tantalum + IX; Nb " Ta s ‘;Xl . . 1049 E

o 244 Niobanm - Titanium + TN Nb+Ti+ LX; o 0 o 00 L 1052 3

295 Niobium - Tungsten = LN Nb o+ W IX .0 . . . 1035 ;

296 Silver 4 Cadmuum + EX; Ag + Cd + IX| e e e . 1u5% E

297 Silver + IX, Ag + IX; S £ Y 3

) 298 Tantalum + Niobium + IX, Ta + N+ IX, e e e . R ;7 §

! 299 Tantalum + Tungsten + IN, Ta+ W+ IN| e N . 1065 3

Jou Tellurium + Aracnie + IX Te + As r IX) . . 106R E

) Hin Tin + Anumony + IX; Sn + S+ IX; e e e e . 1069 3
! w2 Tin « Copper + X, SneCu+ DX .. ... . 1072

iy Titanium + Aluminum + IX Ti + AL+ IX; c e . 1073 3

| 304 Titanium + Chromjum + IX; Ti+ Cr + ZX; . .. 1077 3
E 306 Titantum = Iron + XX, T4+ Fe + XX TS A1V
i e Trtanjun: + Mangancse + TX; Ti+Mns 5X0 0 0 0 00 0oL o

t
v Number marked with an asterisk Indicates that recommended valuesare aiso reported for this material

on separate figure and table of the same number followed by the letter R.
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3, NONFERROUS MULTIPLE ALLOYS (continued)

L
3?
Fl%ll:!"(iuﬂ:i/'or Name Formula Page No. E
307 Titanium + Vanadium + IX{ TE+ VDX o 0 v v oo s s 0w . 1088 2
308 Titanlum + ‘.‘.xi Ti + D(1 T R 8 V5.4 %
309 Tungsten + lron + X WeFe+IX; © . v o 0 v 0000 109U %
31y Tungsten + Nickel + IX, WHNI+INy © 0 . o0 e e e z
311 Uranfum + Molybdenum + L\I, U+ Mo+ D(x O K X .
312 Uranjum + Zirconium = IXN| U+ Zr+ D\'l TS i ¥ 3z
313 Zinc + Aluminum + £X; 0FALFRX] 0 . e . . ... 1098 4
314 Zinc + Lead + IX; Zn+s P4 DX L 0 . 00 .. . 1098 3
315 Zirconduru + Aluminum + IX, F2 R N B e A 3
316 Zirconium + Hafnjum + IX; Zrefifa X . L L o 0L oL 1 é
317 Zircomum * Molybdenum + IX) Zr + Mo+ IX| . 1104 :
315 Zircomuwn + Tantalum + IX| e+ Ta+ DX 0 0 0 00w 0w 0w . s 3
319 Zivconjum + Tin + TX : Zr+Sn+ IX; . L . L 0 0 0 e e e e 110N ;;
320 Zircomum + Uragum + IX; 2 R A g R R E
2l Zivcomaum + IN) Zr + IX) T B 3

4. FERROUS ALLOYS

A, CARBON STEELS

i g2 Iron + Carbon + IX; Fer C+ IN; Growpl . . . . . . . . 1113
324 Iron + Carbon + IX Fe+ C+ IX, Growpll. . . . . . . . 1124

-

B. CAST [RONS

o a8 8 e -, S ks st sl

324 Iren + Carbon = IX| Fe+ C+ IX; Groupl . . . . . .« o o2~
325 Iron  Carbon + IX; Fe+ C» IX§ Growpll. . . . . . . . 11
;
! . C. ALLOY STEELS
1326 Iron + Aluminum + IX; Fe + Al = IX; Groupl . . . . . . . . 1142 E
327 Iron + Alumiinum + IX; Fe + Al + IX, Growpll. . . . . . . . 1M5 '
328 Iron + Chromium + ZX; Fe + Cr + IX{ Groupl . . . . . . . . 11ix ;
; 329 Iron + Chromjum + IN; Fe+ Cr + IX Growpll. . . . . . . , 1152
: 330 Iron + Chromjum + Nickel + IX;| Fe+ Cr+ No+ IX; Growpl . . . . . . . . 1l
3u1° Iron + Chromium + Nickel + £X; Fe+Cr+ N+ IX, Growpll. . . . . . . . 1164 E
: 332 Iron + Cobalt + IX, Fc + Co+ IX; Group . . . . . . . . 117 3
i 333 Iron + Copper + IX; Fe + Cu + IX; Growpl . . . . . . . . 1179 é
. 334 Iron + Manganese + IX; Fe + Mn + IX; Groupl . . . « « « .« . 1lx2 2
: 135 Iron + Manganese + IX; Fc + Mn + .‘L.“(, GroupH. . . . . . . . 119
336 Iron + Molybdenum + IX; Fe + Mo + llxl Groupll. . . . . . . . 1in E
‘ 337 Iron + Nickel + X, Fe + N1+ XX Groupl . . . . « . . . U 3
338 Iron + Nickel + IX; Fe + Nf + X Growpll. . . . . . . . 120 3
I3y Iron + Nickel + Chromium + L‘.\" Fer Ni+ Cr+ IX; Growpl . . . . . . . . tzu9 ?
340 Iron + Nickel + Chromium + 1‘.)11 Fer NI+ Cr+ DXy Growpll. . . . . . . . 1212
N Numher marked with an asterisk indicates thut recommended villues are also reported {or thls materfal

1 1

on geparate figure and alle of the same number followed by the letter R,
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FERROUS ALLOYS {continued)

Figure and/or
~ Table No, Name

C. ALLQOY STEELS (continued)

341 Iron + Phosphorus + IX,
342 Iron + Silicon + IX;

343 Iron + Silicon + IX;

344 Iron + Titanjum + IX;
345 Iron + Tungsten + IX;
146 Iron ¢+ Tungsten + X

INTERMETA LLIC COMPOUNDS

Figure and/or Formuls

Table No.
347 8h,Tuy
48 AsaTey
349 - Baghv
350 - BaySn
351 : Bu_\Nb). .
352 - L\c_,"[‘ny .
453 Bey Uy .
354 . DBueggdr
453 BiTey
356 Bx81y .
457 - Cdsb .
358 CdTe .
36y - Caylby
60 . CagSn .
361 CoSi
362 Custibe,
363 Cugsey
B[] GaAs .
445 GeTe .
466 . Au,‘CIL.y .
367 B, .
J6s ¢ lnSL .
364 InAs .
110 IngBcy .
371 ngl oy .
72 | ¥-1.70 .
373 laTo .
374 MTe '
375 < Mg
376 * MgsGe .
a1 Mg oSt .
318 s Mgatn .
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Formula

Fe + P + IX{
Fe + 81 + IX;
Fc*Si*"D(l
Fe+ Ti + X
Fe + W + IX,
Fe+ W + IX;

e e
e e .
L
L
L R S
L
L
e
o e e s
e s s .
e

e e s
« v s e
L S Y
D
D
L Y
L
LR T T
e e

Group 1 .,
Group 1 .
Group Il ,
Group ! .
Group 1 .
Gruup 11,

o e
. .
e e .
foe e e
s e e e
o e
e e e

o 4
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o 4.
o e e e
e e

e e
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e s
e
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e e s
e 4 s
Y
« e e
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Page No,

1216
1217
1221
1225
1226
1229

1241
1244
1245
1246
1247
1250
1254
1256
1257
1262
1264
1267
1274
1271
1274
1275
1276
1,77
1280
12%1
1204
1787
1292
1295
1294
19u1
1304
107
1410
131
1314
1417
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§. INTERMETALLIC COMPOUNDS (continued)

Figure and/or
Table No.
379
380
381
382
383
Js4
385
386
337
355
3589
390
J91
392
393
394
495
396
397
398

406

Formula

HiSe c e e e
HgTe e e e
MoSi, C e e e e
Regs, . . , . . .
RexGey  « v 0 o
RcSey e e e e
AgSbTe; . . . .

AgCu

AgsSc C e e e
Anguy e e e e

5rSi e e e e .
S1Sn N
Tap, e e e .

TaGe, e e e e
ThLH e e
$nSc, e e e

$nTe e e e .
TiB, Co e

TiNi e e e
WyAs;, .. . . .,
wB .o

WS, e e e
WS, e
WTe f e e e e
ZnSe [
ZnSiAe; . . . . . .
ZrB e e e e

6. MIXTURES OF INTERMETALLIC COMPOUNDS

407
408
409
410
411
412
414
414
416
416
417
4y
419
420

§hSey + AySe + PuSe
8byTey + BTy,

SbaTey + IngTey .
BizTey 1+ 84Tc, .
BiyTe,; + 8yTey + SusSey .
BijTo; + BiSe, .
CdyAsy + Zn,As,

Cush + ZnSb .

CuSbSe; + CuySe;

CuyEe; + Cubbbicy

InSL + 1nyTe,

In;Tc; + CupTe + AgTe .
HgTe + CdTe

AgSLTey + BnTe '

Page No.

1320

14790
1350
1386
1388
1302
1393
1396
1387
1400
1401
1403
1406
1407
1410

.
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6, MIXTURES OF INTERMETALLIC COMPOUNDS (continued)

Figure and/ov
Table No. Formula Page No.

421 SnTe + AgSBTe3: + . . o « v v v v s s e e e e e e 4w . 1411
: 422 ZnSb + CdSb . . . L L . . o s . e s s e e e e e e e e 1412

. 7. MISCELLANEOUS ALLOYS AND MIXTURES

. 423 BUTB3+ T « « « « o o 4 o o e e e e e e e e e e e e e e 1415

S 424 Be+BeO . . . . .t v e e e e e e e e e e e e e e e e e 1418 §
425 Cr+ALO, . . . . .. e e s e s s ey 1419 g;
426 Cu+BeCo . . . . . o o - .« « « « . .0 e e e e e e 1420 3
= 427 GAAB + GAP . . . . . e . e e e e e e e e e e e 1423 Eé

MAs +InP . . . . . . . 4 i v e e e e e e e e e e e 1426 - . =
429 Mo+ ThOy . . . . . v v 0 0 s e e e e e e e e e e e e e 1429
430 Na + NagO . . . . . . . o v o v e e e e e e e e e e e 1432
431 TINL+ Cu . . 0 . . L L L s e e e e e e e e e e e 14433
432 TiNi + Ni s e e e e e e e e e e e e e e e e e e e e 1436
433 W+ ThOy e e e e e e e e e e e e e e e e e e e e 1439
434 U + U0y e e e e e e e e e e e e e e e e e e e e 1442
435 Zr+ ZrOy . . . L e 0 e e e e e e e Ce e e e 1444
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Notation

A Cross-sectional area x Reduced frequency (x = hv/xT)
a Cube root of the atomic volume; Half the Ax Distance difference
focal length of an ellipsoid; Axis of ellipse
. . o Parameter
B Coefficient of equation (19) ,
. . . a, & Constants
b Axis of ellipse; Numerical constant
. . B Parameter
C Specific heat per unit volume . .
h y Anharmonicity coefficient
c) Spectral specific heat .
. . . 8 Amplitude decrement of temperature
¢ Atomic concentration of point defects ; . i
e . wave ; Coefficient of equation (11) E
D Thermal diffusivity; Coefficient of . %
. € Local thermal strain 3
equation (19) [ Fermi ener 3
E Energy; Voltage drop By E
. ] Debye temperature E
e Electronic charge 3
G Band gap energy K Boltzmann constant E
A Wavelength
h Planck constant Am Minimum wavelength E
! Electric current , Freauen g E
k Thermal conductivity quency 3
) .. . Vm Debye limiting cutoff frequency :
K Thermal conductivity maximum . . . . 4
L ” Peltier coefficient; Ratio of the circum- E
k, Thermal conductivity of a reference . .
. ference of a circle to its diameter %
material Electrical resistivit g
Lo Lorenz number 5 El:t:lical conducti{'it E
/ Mean free path; Effective length of a y 3
specimen Subscripts 3
M Atomic mass d Dislocation 3
m Constant e Electronic component E
N Number of atoms per unit volume ee Electron-electron scattering g
N, Number of conduction electrons per atom g Lattice component 3
n Exponent; Constant gd Lattice component due to the scattering %
‘ ’ P Slope of phonons by dislocations 2
Heat flow per unit time (and length) ge Lattice component due to the scattering 3
q pe %
] r Radial distance of phonons by electrons E|
. " S Seebeck coefficient g Lattice component due to the scattering E|
: T Temperature . of phonons by point defects g
' T, Superconducting transition temperature i Intrinsic 3
. T Temperature corresponding to thermal J Type of carrier
; conductivity maximum n Normal state
! AT Temperature difference P Phonon
} ! Time pe Phonon-¢lectron scattering
U Cocefficient of equation (24) RT Room temperature
14 Electrical potential s Superconducting state
v Velocity v Umkiapp process
w Thermal resistivity « Type of scattering process
W, Theoretical constant thermal conduc- 0 Residual
1,2, 3,... Locations, times, or materials

|
" { tivity at high temperature
;
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Theory of Thermal Conductivity of
Metallic Materials

1. INTRODUCTION

Heat in solids is conducted by various carriers:
electrons, lattice waves (or phonons), magnetic
excitations, and, in some cases, electromagnetic
radiation. The tutal thermal conductivity is additively
composed of contributions from each type of carrier.
It can be shown that

k=

G| -

> Crl, )
1

where the subscript j denotes the type of carrier,
C, is the contribution of carriers of type j to the
specific heat per unit volume, ¢, is the velocity of the
carrier (we regard the carrier as a particle; if the
carrier is a wave, the appropriate velocity is the group
velocity), and /, is a suitably defined mean free path.

The theory of thermal conductivity of solids
has been the subject of numerous investigations and
scveral review articles and has constituted a large
portion of the material in several books [1-15]). It is
the purpose of this introductory text to present the
major results of the theory only to the extent to
which it is neecded by the user of these tables: to
caution him as to which results are likely to be
structure sensitive and thus likely to vary from
specimen to specimen, and to help him to judge
which materials are likely to have similar properties
and thus to guide him in guessing the thermal
conductivities of materials which have not been
measured.

The occurrence of a mean free path in equation
(1) opens up the possibility that in some cases one
cannot uniquely define the thermal conductivity of a
material. This happens whenever a carrier mean free
path becomes comparable to the smallest external
dimension of the specimen. It happens particularly
in insulators at low temperatures, because of long
phonon mean free paths, and in transparent solids at
high temperatures, where photons contribute signifi-

cantly to heat transport. In metals it is a relatively
rare occurrence, to be considered only in the case of
very small particles, very thin wires, or superconduc-
tors at extremely low temperatures.

The principal carriers of heat in metals are
electrons and lattice waves, leading to an overall
thermal conductivity

k =k, +k, @

where k, is the electronic component and k, the
lattice component.

Generally k, of metals, alloys, and semimetals
1s of magmtude comparable to the lattice thermal
conductivity of insulators of corresponding elastic
properties, except at low temperatures (where
phonon—electron interaction reduces k, in metals).
The relative importance of k, and &, thus depends on
the magnitude of k.. The electronic component often
parallels the electrical conductivity (Wiedemann-
Franz law), and the electrical conductivity is highest
in pure metals, reduced in the case of atloys, and
even lower in semimetals and semiconductors.

We thus have, as a rough rule, that in highly
conducting metals, i.e., pure metals with room
temperature resistivities of up to say 5 uQcm, k, is
the dominant component over all or almost all
temperatures. For poorly conducting metals of
higher resistivity, k, forms an appreciable component
at ordinary temperatures, For alloys of more than
0.5 to 1 percent solute content, k, is substantially
decreased below the value of the parent metal at low
temperatures (i.e., below room temperature) where
k, becomes significant, but at highcr temperatures
k, approaches the value of pure metals of comparable
conductivity. Thus &, is an important component of
alloys below room temperatures; above room
temperatures it is important when the parent metal
is a poor conductor.

As we consider materials of increasingly poorer
conductivity, k, becomes less important relative to

k1
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k,. In semimetals and degenerate semiconductors k,
and k, are frequently comparable except at low
temperatures, where &, is small. In most semicon-
ductors the electronic thermal conductivity has to be
considered only at elevated temperatures.

Since k, and k, behave differently as functions
of temperature and with the introduction of imper-
fections, it is important to know the relative roles of
these two carriers if predictions are to be made;
unfortunately, it is not always easy to know what
fraction of the measured thermal conductivity can
be ascribed to each (see, for example, reference [1]).

For purposes of the theory of conduction
properties, we distinguish between three temperature
regimes: high, intermediate, and low, with rough
divisions at temperatures (on the absolute scale) of
8 and 6/3 respectively, where 6 is the Debye tempera-
ture. For our purposes this temperature is related
to the upper frequency limit v, of the spectrum of
lattice waves by Ay, = «0, where h and «x arc the
Planck and Boltzmann consiants, respectively.
Roughly speaking, at high temperatures each atom
vibrates independently of its neighbors, and the
theories of lattice vibration simplify. Atlow tempera-
tures the vibrations are highly correlated and are
best described by elastic waves in a continuum with
corresponding simplification. The intermediate
regime is somewhat awkward, and theoretical
results are obtained by interpolation.

All the carriers have mean free paths which are
limited in part by the structural imperfections of the
solid and in part by the dynamic imperfections pro-
duced by thermal vibrations, so that, for each carrier,

/1= 2 Vi &)
(a)
the summation being over all processes a which
scatter the carrier. The theory describing scattering
by the thermal vibrations depends on the temperature
regime, and this accounts for the different theories
to be used for the conduction properties.
Most solids have Debye temperatures 8 around
300 K. but atomically heavy solids have lower 8's
(well below 200 K for gold and lead), while most
light-atom solids (diamond, beryllium) have much
higher Debye temperatures.

2. ELECTRONIC THERMAL 7 ONDUCTIVITY

In metals, where the density of electrons is
high, the electron gas is highly degenerate, that is,
all electron states of energy £ < { are filled, { being

the Fermi energy, all states of E > { are empty, and
all conduction properties occur in an energy interval
{ + 0(«T), where xT < {. Under these circumstances
the electronic component of the specific heat C, o T,
v, is typically 108 cm sec~! and independen of
temperature. Thus

k, = } Cyv.l, T, 4)

and its temperature dependence is governed by the

temperature dependence of J,.

Now the clectron mean free path /, also deter-
mines the electrical conductivity. Theories of the
electron mean free paths are thus at the same time
theoc.ies of the electrical conductivity o of metals,
while the thermal and the electrical conductivity are
related by the Wiedemann-Franz-Lorenz law

ke/oT = Ly = ym¥(x/e)? ()

where e is the electronic charge. In practical units the
Lorenz number Lgis 2.443 x 10-8V2K~-2,

The electron mean free path is limited both by
electron scattering by defects (chemical impurities
and physical defects) and by the thermal vibrations;
for in a perfectly periodic crystal lattice /, would be
infinite. To the extent to which the scattering rates
due to different processes are additive,

171, = 171y + 1/I(T) (6)

where /; is the residual mean free path and /(T) the
intrinsic mean free path. The first term on the right
hand side of equation (6) describes scattering of
electrons by defects, and varies from specimen to
specimen, but is independent of temperature as long
as the nature and concentration of defects are not
functions of temperaturc.* The second term describes
scattering of electrons by lattice vibrations and varies
with temperature. In the simple case when the elec-
tron gas is isotropic, i.e., the velocity and apparent
density of electrons do not depend upon direction
relative to the crystal axes, equation (6) leads to an
additivity of the cor onding electrical and elec-
tronic thermal resistivities i.e.,

/o =p=po+p(T) )
and

Vke= W, = Wy + W, ®

*An important exception would be the vacancy concentration
just below the melting point, which in some metals depends
on temperature.
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Here p, is the residual electrical resistivity, varying
from specimen to specimen, p(7) the intrinsic
electrical resistivity, and W,, W, are corresponding

‘components of the thermal resistivity.

The Wiedemann-Franz-Lorenz law, equation
(5). is based on the following requirements:

(a) The electron gas is highly degenerate—-this
appears to be the case in all metals except
possibly some transition metals at elevated
temperatures.

(b) The electron mean free path /, is the same for
clectrical as for thermal conduction, so that
it cancels in the ratio k/fa.

An analysis of the second requirement shows
that this is almost always satisfied for defect scattering
(1, 2]; hence

po/ WoT = Lo 1€)]

The exceptions are some cases of magnetic impurities,
where scatiering is simultaneously inelastic and
anisotropic; even here the departure from (9) is
significant only at low temperature, where «7 is
comparable to the Zeeman level splitting of the
impurity.

As regards p; and W, these are related by the
Wiedemann-Franz-Lorenz law in the high-tempera-
ture limit only, while at lower temperatures

p/WT = L, (10)

is generally less than L, for reasons given in reference
{2]. Generally L, « L, and in the limit of low
temperatures

L, = 5(T/oy? (1

where the coefficient 5 depends on the topology of the
Fermi surface.

Explicit theoretical expressionsfor p, and W,
havebeen obtained only for the very simplest of
models, with the electron gas similar to a gas of free
electrons, withsphericalenergy contoursin momentum
space, and the underlying crystal structure replaced
by a uniform distribution of positive charge to
compensate the charge of the electron gas. This
model, the “jellium"” model [12], thus foregoes any
considerations of effects due to crystal structure
and he corresponding electronic band structure of
real metals. On such a model, using a Debye model
for the spectrum of lattice vibrations, one obtains
the following low-temperature limits [2]

P‘x T“, W‘KT’ (lz)

Theory, Estimation, and Measurement & .

and
L, =p/W,T =178 N,~33(T/6)? (13)

where N, is the number of conduction electrons per

atom. The elcctronic thermal resistivity at low tem-

peratures can thus be written in the form

W,=aT?* + p/T (14)
Thus

k, = : 15

‘T aTP + B/T 3

where 8 = py/L, depends on the specimen, while «
is an intrinsic property of the metal. Equation (15}
implies that k., and thus the total thermal conducti-
vity of pure metals, should pass through a maximum
at low temperatures; the purer the specimen, the
higher the maximum conductivity and the lower the
temperature at which the maximum occurs.

In order to predict theoretically the magnitude
of «, or thc magnitude of p;, one would need to
predict the strength of the interaction between
electrons and lattice waves and the corresponding
electron scattering probabilities. This intcraction can
only be estimated very roughly.

In a similar manner, the ability of fundamental
theory to predict the absolute magnitude of 8 for a
given concentration of impurities or other defects is
very limited. Since such calculations also predict py,
and since electrical resistivities are measured more
readily than thermal conductivities, such calculations
are usually classified under electrical resistivity
calculations. There is an extensive literature on this
subject [12], dealing both with theoretical methods
and with the vexing question of determining from
experiments the specific resistivity of a given number
of physical defects of various kinds (i.e., vacancies,
interstitials, dislocations, stacking faults) [16). Even
the specific resistivity (or p, per atomic percent) of a
given species of solute atoms is not a trivial determina-
tion.

Generally speaking the theory is well able to
predict p, due to point defects which scatter electrons
mainly by virtue of a valence difference (vacancies,
solute atoms), but does poorly when distortion effects
are important (interstitials, dislocations).

The theoretical equation (15) has been exten-
sively compared with low-temperature experimental
data for high-purity metals, and disagreements are
found [55-57]) in that the power of T for most metals
is not 2 but greater, and the coefficient «x is not a
constant for & metal. Considering the temperature
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dependence of the coefficient « and the interaction

between intrinsic and residual thermal resistivities,
equation (15) is modified semiempirically [55-57)
to become

1

= TR (16
where
B (m=n)im+1)
o' = 1'(———)
nx”

and 2«7, m, and n are constants for a metal. The
value of n lies between_2 and 3 for most metals.
Much better agreements are obtained in using
equation (16) for fitting experimental data, and
this equation has been used extensively for calculating
the recommended values presented in this volume for
highly conducting elements at temperatures below
about 1.5 T, with T, the temperature corresponding
to the maximum conductivity &, of the curve.

At high temperatures the theory becomes
simpler in form. though it is still difficult to predict
absolute values. The theory predicts in the limit, well
above the Debye temperature,

px T
W,=p/LT= W, amn

where W, is a constant. This is essentially a conse-
quence of the fact that, at high temperatures the
intrinsic  scattering probability, or 1,/(7), varies
as (€?», the mean squarc thermal strain, which in
turn varies as 7.

All this needs qualification if finer details are
to be investigated. Thus. for example, thermal
expansion as well as high-order interactions might
cause deviations from /, o T™!, and corresponding
deviations of W, from constancy. There are further
deviations of L; from L, at high temperatures,
generally small but not entirely negligible, arising
from the transport equations [12]). Thus W (T)
tending to a constant value is a good picture only
to @ first approximation. Finally the assumption of
high degeneracy. i.e.. «T « I, which is required so
that p oc 1/l and W o Tjl, becomes questionable in
some metals at elevated temperatures (i.¢.. transition
metals, actinides), while in the simpler metals we
believe it to be a good assumption right up to the
melting point.

Finally, the fact that scattering of electrons by
thermal vibrations is proportional to {(e?> enables
us to estimate the order of magnitude of point
defect scattering in terms of thermal scattering at

room temperaturcs, and thus to estimate p; and W,

in terms of the room temperature values of p, and W,
At room temperature (€2> is about 0.01 in most
solids (depending somewhat on atomic volumes and
elastic constants, which are not very variable). 1f we
arbitrarily ascribe scattering by a point defect to be
equivalent to unit shear strain over one atomic
volume, we find that

Po ~ (pg)gre
WoT jad (‘Vi)RTCTRT (‘8)

where (ppr, (W)gr are the room temperature
intrinsic resistivities, Tpr =~ 300 K, and ¢ is the
atomic concentration of point defects in percent.
Actual values of ¢, and W,T deviate from the esti-
mates of equation (18) by factors of up to about 3
either way, but equation (18) is very useful in
estimating resistivities due to unknown point defects,
and applies to all metals and semimetals irrespective
of the derails of the band structure,

In addition to the scattering of electrons by
defect and by thermal vibrations. it is also possible
for the electrons to scatter each other, producing
both an electrical and thermal resistivity. These
effects scem important mainiy in metals of high
density of states such as transition metals, and lead
to resistivities of the form

Pee = BT*?

19
We = DT 9

ee

These cffects are thus generally important at low
temperatures, where they tend to dominate over the
respectively T3 and T? variation of p, and W,
provided of course that the samples are pure enough
so that the residual resistivities p, and W, do not yet
dominate at those low temg:ratures. As transition
metals are obtained in increasingly pure form, the
need of additional terms of the form (19) in the
electrical and thermal resistivity equations is found in
more and more cases.

Major results of the theory of electronic thermal
conductivity have been briefly presented as above.
For detailed theoretical developments and discus-
sions, the reader is referred to the review papers and
books cited before and to other papers on this
subject [17-66].

3. LATTICE THERMAL CONDUCTIVITY

The thermal vibrations of solids contribute to
the thermal conductivity. In insulators this is the
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only mechanism of heat transport except at elevated
temperatures. The theory as it applies to insulators is
described in somewhat greater detail in Volume 2.
The lattice thermal conductivity of metals is governed
by the same theoretical considerations, but a number
of cases which occur in insulators are not relevant to
metals, so that the present discussion is not as
comprehensive. General reviews of lattice thermal
conductivity are given in references [1-4). Individual
rescarch papers on the theory of lattice thermal
conductivity include [67-132).

The thermal vibrations of a perfect crystal are
described in terms of lattice waves which occupy a
spectrum of frequencies from the lowest frequencies
1o some upper limit, v,,. of the order of 10'° Hz, At
low frequencies these waves are identical to the
elastic waves in the corresponding elastic continuum;
at the higher frequencies the atomic structure of the
crystal lattice leads to dispersion effects. The
corresponding wavelengths range from long waves

down to waves of length comparable to the inter- .

atomic distances.

These waves are randomly excited in thermal
equilibrium and the energy content of the solid is
given in terms of the laws ol statistical mechanics.
The specific heat of solids varies as T2 at the lowest
temperatures and 1s independent of temperature in
the high-temperature regime(7 > 8, where 8 = hv,/«).
The spectral distribution of the specific heat per unit
volume as given, to a first approximation, by the
Debye theory, is of the form

T\3 xtef

vidv = 'n| — -—dx 7

C) d 9“(9,) FaaTe (20)
where x = hv/«T is a reduced frequency and N the
number of atoms per unit volume. This holds for
v < v forv > v, Cv) =0.

The Debye approximation disregards the disper-
sion of the high-frequency lattice waves, disregards
differences of polarization of different lattice waves,
and smears out the crystal structure of the solid.
The only concession to the discreteness of the lattice
is the choice of the cutoff frequency v, or the
corresponding minimum wavelength A, = rv_, where
v is some average sound velocity. It is chosen so that
the total number of waves corresponds to the
correct number of normal modes (3N) which this
assembly of N atoms ought to have.

In spite of the obvious inadequacy of the Debye
approximation, it is frequently chosen as the basis
of discussing thermal conductivity, because the
inadequacy of that theory is such that small errors in
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the theory of the specific heat are usually not too
important.

In a perfectly periodic crystal which also obeys
perfectly the laws of linear elasticity or Hooke's law
(i.e., all restoring forces are linear functions of rela-
tive displacements, the elastic energy is a quadratic
function of relative displacements), each elastic wave
is completely independent of all other elastic waves
and maintains forever whatever energy it possesses.
Such a crystal could carry a heat current or net
flow of elastic energy without a driving force, and
would thus have an infinite thermal conduclivity.

Real crystals, by virtue of structural defects and
deviations from linear elasticity, have lattice waves
which continuously interchange energy with each
other, so that each lattice wavc has a finite mean free
path. From equation (1), generalized to take account
of the fact that this mean free path /(v) is generally a
function of the frequency of the lattice wave, v, the
lattice thermal conductivity becomes

| A
ky = gf C)e vy dv - 21

0

where 1, = dv/d(1/A) is the group velocity of the
waves, and C(v) is the spectral specific heat, given
approximately by (20).

The lattice thermal conductivity is thus governed
by the mean free path of the lattice waves, in an
analogous manner to tne clectronic conduction
properties which are governed by the electron mean
free path.

Each individual wave can be regarded as a
normal mode (or almost normal mode, if / is finite)
of the crystal, and obeys the dynamical equations of a
harmonic oscillator. According to the laws of
quantum mechanics, the energy of each oscillator
is not continuously variable, but an integral number
of quanta, each of energy /iv. In fact, this was included
in the statistical mechanics leading to (20). Each
quantum of energy is called a phonon, and each
lattice wave contains an integral number of such
phonons. By focusing attention on the phonons, as
if they were particles, one can describe the thermal
energy of vibration of a crystal as a gas of phonons,
and use the concepts of the kinetic theory of gases.
This description is completely equivalent to the
description in terms of lattice waves, and also leads
to (21): it has certain advantages of ease of con-
ceptualization, particularly when we talk of the
processes of energy interchange between different
waves, which can be regarded as scattering of
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phonons from one wave into another, or the breaking In detail, however, the theory is quite compli- F
up of a phonon into other phonons, etc. The final cated, involving not only the strength of the anhar- é
results are equivalent, and the phonon mean free monic interaction y, which cannot be estimated ;
path /(v) can be defined in an equivalent manner. with accuracy, but also the detailed crystal structure. gé
We shall use either description according to con- (An elastic continuum would not have a thermal E
. Venience. resistivity.) Nevertheless, rough estimates have been :
At elevated temperatures in good crystals, the made [3, 79] and the intrinsic thermal resistivity of 1
principal process limiting the mean free path is the the lattice component is of the form
interchange of energy, or scattering of phonons, due 3
to departures from Hooke's law. A local strain e o y2 T i
introduces a fractional change in local sound velocity Wy ~ U(—) — (24) 2
of ye, where the coefficient ¥, a measure of the x/ Ma ¢ 3

anharmonicity, is of order unity (frequently y ~ 2).
At high temperatures the thermal strain at neighbor-
Ing atomic sites is almost uncorrelated, and scattering
is proportional to ¢¢2)> and, in turn, proportional to
T. Thus the intrinsic mean free path varies as

where M is the atomic mass and & the atomic

. volume. The numerical coefficient U, typically of

order 1/3, is somewhat uncertain, and depends on

the details of the crystal structure. The major factor

controlling the intrinsic lattice conductivity, however,

is the Debyc temperature. Solids of high 6 wili 3
generally have higher valnes of k,.

The subscript U stands for Umklapp, or flip-

over; in Peierls’ theory the resistive processes are

ket sl i

L I/T (22)

Sttt

analogously to the similar variation of the electron
mean free path [see equation (17)]. This has been
pointed out by Debye [67).

ot — —

There is an important difference, however.
The electrons contributing to the conductivity all
have a short wavelength, but the lattice waves have a
continuous spectrum of wavelengths. A perturbed
atomic site, acting as an independent scattcring
source, would scatter long-wave lattice waves very
weakly, and /(v} would increase so rapidly with
decreasing v that the thermal conductivity integral,
cquation (21), would diverge at the low-frequency
limit. In fact this model would lead to /,(v) o 1/v4,
and since C(v) o« #?* at lowest frequencies [see
cquation (20)], one can readily appreciate the
divergence difficulty. This simple model is thus
inadequate at low frequencies. To avoid this diffi-
culty, Peierls [68] set up a theory of the anharmonic
interaction between lattice waves, which is the basis
of all subsequent theoretical work. The theory
resolves the thermal vibrations into their proper
spectral components of lattice waves, and treats in
detail the interchange of energy between groups of
three lattice waves, or breaking up of one phonon
into two other phonons (or vice versa), satisfying
certain interference conditions between the fre-
quencies and the direction and wavelengths involved.

The theory leads, with some approximation, to a
variation

processes in which the phonon interaction is com-
bined with a Bragg reflection of the lattice wave, or
Umklapp processes. These are distinct from the
“normal” processes, phonon interactions which
help establish thermal equilibrium, but do not
change the net energy flow associated with the
phonon gas. The necd to distinguish between these
i processes and their different role in producing
thermal resistivity adds further complexity to the
theory, particularly at intermediate temperaturcs,
and makes detailed numerical predictions very
difficult.

At low temperatures the thermal resistivity

v

. decreases exponentially according to W, o« e~ 9T,

where b i> a numerical constant, which also depends
sensitively on the crystal structute and the dispersion
of the high-frequency lattice waves. This exponential
temperature variation has been observed in perfect
insulators, but in many insulators it is overshadowed
by the thermal resistance which arises from the
scattering of lattice waves by various defects.

In metals, however, another resistive process
usually dominates at low temperatures: scattering
of the lattice waves or phonons by the free electrons.
This is of course the very same process as the scatter-
ing of conduction electrons by lattice waves or
thermal vibrations which had been invoked earlier
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1/, AT (23) to limit the electronic conduction properties and
which gave rise to p(T) and W(T). These inter-

and avoids the divergence difficulties [3). actions limit the phonon mean free path; the corre-
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sponding reciprocal mean free path for phonon-
electron scattering

1 elv) v (25)

must be added to the other scattering processes
according to equation (3) to obtain {(v) of equation
21).

The result of this scattering mechanism is that
k, of metals is lower than &, of insulating crystals of
the samc eclastic properties, particularly at low
temperatures, where k, o T2. At high temperatures,
however, anharmonic resistive processes dominate,
and k, tends to equal 1/W and thus varies as 1/T.
The lattice conductivity will thus have some maxi-
mum value at intermediate temperatures. This
maximum value is usually considerably smaller than
that of insulating crystals, and also smaller than k,
of most pure metals. Typical values of &, at its
maximum (which may lie between 20 and 50 K)
would not exceed 0.5Wcem~! K™%, while &, of
metals and &, of insulators may peak at values
ranging from tens to hundreds of watt-units.

Equation (25) was based on the assumption
that the electrons have such a long mean free path
that the lattice wave can interact with individual
electrons. If /' is the electron mean free path, this is
equivalent to requiring that

' >A (26)

where A is the wavelength of the lattice wave (or
phonon). In alloys, where I’ is finite, this relation
breaks down for sufficiently long waves, i.c., at
sufficiently low temperatures. With /' typically 100a
for 1 percent impurity and A =~ }a(6/T) for the
important thermal waves, where a® is the atomic
volume, equation (26) is barely satisfied at liquid
helium temperatures for a 1 percent alloy (a typical
minimum concentration at which &, can stll be
separated from k and studied).

In the oppositc extreme (/" € A), the lattice
wave no longer interacts with individual electrons,
but with the electron gas as a whole [83]). The
scattering is no longer given by equation (25), but
reduced by a factor of order (I'/A), so that 1//,,(+) « +2
and k, « T instead of T2, and appropriately in-
creased. This changed temperature dependence is
clearly seen in concentrated alloys of p, > 10 {2 cm,
But even in more dilute alloys the effect is partially
present at liquid helium temperatures and should be
more apparent at lower temperatures. A theoretical
analysis of these intermediate situations and a com-
parison with data for the lattice component of
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alloys has been given by Lindenfeld and Pennebaker
[t105).

Finally we must consider the scattering of
lattice waves by crystal defects or imperfections.

As a rough rule we can state that extended
defects contribute to the lattice thermal resistivity,
1/k,, most importantly at lowest temperatures (long
waves), while point defects make their most impor-
tant contribution to 1/k, at intermediate tempera-
tures (at temperatures at or above the maximum
in k,).

At low temperatures the frequency dependence
of the phonon mean free path is reflected in the
temperature dependence of the lattice conductivity.
This is readily seen from equation (21), using
expression (20) for C(v). If I(v) &€ »™" o« T""x"1,

k, xc T3 " ¥3))

One can show (e.g., reference [3]) that the frequency
dependence of /(v) depends on the geometry of the
imperfections. For point defects n = 4, for line
defects n = 3, and for sheets n = 2. Dislocations
have a long-range strain field which is responsible
for most of the scattering; for dislocations n = 1.
The additional scattering by the core has a frequency
dependence n = 3, but it is only a minor component.

Atlowest temperatures dislocations are generally
the most important imperfections scattering phonons.
Since the frequency dependence is the same as that
for scattering by electrons, these two resistive
processes are additive, so that

‘_]' =W, =W+ Wy r-? (28)
kl’

where W,, is the lattice resistivity due to electrons,
and W, is that due to dislocations. Typically, W,
becomes comparable to W,, for dislocation densities
of the order of 10!® per cm?. The lattice thermal
conductivity of alloys is thus sensitive to the state
of cold work, even though cold work in alloys pro-
duces only small fractional changes in p, and thus
only small changes in k,.

Relation (27) does not hold, strictly speaking,
for point defects, where n = 4, for if / oc 1/v* the
integral (21) diverges at low frequencies, though the
resulting resistivity frequently is of the form W,, o T.
Point defects must always be considered in con-
junction with another resistive process—in con-
junction with electron scattering at low temperatures,
in conjunction with anharmenic interactions at high
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temperatures, and the corresponding integrals (21)
can only be evaluated numerically.

At low temperatures point defects lead to a
departure fromk, o T4, which becomes progressively
larger as the temperature is increased. Around the
maximum of &, they depres:. the maximum and tend
to flatten the curve, and at even higher temperatures
they depress the conductivity and lead to a tempera-
ture dependence slower than T, As a conscquence
of the properties of equation (21), their resistivity
effect increases more stowly than linearly with point
defect concentration, and in the limit of high
temperatures and high defect concentration ¢

Ky o [o(l = ¢))"r2r -1 (29)

This is a result of the fact that in equation (21) point
defect scattering lcaves the mean free path of the
lowest frequencies essentially unchanged.

Guantitative estimates of the strength of the
point defect scattering can be made in terms of the
difference in mass from that of a normal site and in
terms of the volume misfit [3].

Equation (29) assumes absence of any correla-
tion between the position of point defects. Short
range crder can lead to different frequency depend-
ences and corresponding changes in the temperature
dependence of k,. An extreme case is presented
by systematic spatial variations in the concentration,
such as, for example. those due to the strain field of
dislocations. These impurity atmospheres lead to
scattering that simulates the scattering due to the
dislocations which control the atmospheres (129].

4. OTHER CASES

With at least two types of carriers responsible
for heat transport, and with each of them being
limited by several possible mechanisms, thermal
conductivity in metals and alloys [133-138] shows
a wide range of differing behavior, which the present
review cannot cover comprehensively. To add further
to the varicty, we have to consider other mechanisms
of heat transfer and other mechanisms of resistivity,
we also have to take into account cases of non-
degeneracy of the electron gas, as are found in semi-
metals and semiconductors [139-158] of high carrier
density, and finally we bave to consider the thermal
conductivity of superconductors {159-184).

Cooperative effects between the magnetic mo-
ments arranged in a regular lattice, leading to the
concept of spin waves or magnons, can act both asa

new mechanism of heat transport, and at the same
time as a resistive mechanism of electronic and
phonon transport [185-198).

In order for the localized magnetic moments
arranged in a lattice to act as a carrier of heat, the
magnetic dipoles of neighboring atoms must be
coupled together, either by direct magnetic forces,
or by indirect eflects carried by the medium of the
free electrons. Both the electronic magnetic moments
and the nuclear magnetic moments can be involved
in principle, though the latter would become
important only at much lower temperature. The
exchange energy is probably a rough criterion of the
upper limit of temperature at which these effects need
be considered. The rare earths, with their wide
variety of magnetic effecis, form a group of materials
where magnetic effects are no doubt important, but
their thermal conductivities are not well understood
at present. Ferromagnetic and nearly ferromagnetic
transition metals are another group where magnetic
effects uld be important. We are unable at present
to give a comprehensive treatment of this field
compactly.

The thermal conductivity of semimetals 1s
understood in principle, but in practice we do not
always have enough information to interpret it.
There are two practical complications: (1) the
electronic and lattice components are comparable
and (2) the electronic component does not follow the
Wiedemann-Franz-Lorenz law except at low tem-
peratures.

The departure from the Wiedemann-Franz—
Lorenz law follows from the lack of degeneracy at
higher temperatures, i.c., the density of states, the
electron velocity, and the electron mean free path
vary as a function of electron energy, and the frac-
tional variation over an energy interval of the order
of »T above and below the Fermi energy { is not
negligible, as it is in the case of the degenerate
electron gas of good metals. Rules can be stated
concerning the departure of the Lorenz number
k./aT from L, in terms of the functional form of this
variation [1]: the trouble is that in many cases we
do not have enough information about the ¢lectronic
band structure of the semimetals to benefit from these
rules. Where we have this information. as in the case
of graphite. we can make fairly good predictions
about the Lorenz number; again in the limit of low
temperatures we expect the Lorenz number to tend
toward L,.

Since in many cascs we are not certain of the
Lorenz number, we do not always know what
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fraction of the total thermal conductivity should be
ascribed to k, and to k,.

The same considerations apply to semiconduc-
tors. In many cases k, predominates and semi-
conductors should be classed as insulators for
purposes of thermal conductivity. There are, how-
ever, a few cases where &, is not negligible at higher
temperatures. Since in the case of intrinsic semi-
conductors the Lorenz number can exceed Ly by a
substantial fraction, of order (G;/xT)%/12, where G is
the band gap energy, the Wiedemann-Franz-
Lorenz law is not always a reliable guide in estimating
the magnitude ot k,. When G/xT 15 large, ¢ and &,
are in any case small. but for intermediate values
this enhancement of the Lorenz number. also known
as ambipolar diffusion, can be significant [1].

It remains to consider the thermal con-
ductivity of superconductors. Below the transition
temperature T, a fraction of the conduction electrons
rearrange themselves into an ordered state, of zero
entropy. which can carry current without clectrical
resistance, and also exhibits special magnetic
properties. This phenomenon of superconductivity
can be quenched by a magnetic field; in many cases
the required critical field 1s quite moderate. It is thus
possible to measurc the thermal conductivity below
T.. not only in the superconducting, but also in the
normal state.

In the superconducting state, the electronic
component k. is reduced. The ratio A, /k., is a
function of 77T_; near T, it also depends on the
degree to which W, = /A, is composed of
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intrinsic or defect-induced resistance. At sufficiently
low temperatures, where the latter mechanism
dominates, k., decreases exponentially as a function
of T /T.

While k. is reduced. &, is often increased in the
superconducting state, because one mechanism of
lattice thermal resistance, the scattering of phonons
by electrons, is reduced. Well below the transition
temperature, k,, would be similar in character to &,
of a dielectric solid of corresponding mechanical
properties, and be controlled by external boundaries,
by lattice imperfections, and, in the case of poly-
crystalline aggregates, by the grain size.

In the case of pure superconductors, the total
thermal conductivity k; decreases below k,, joining
k, at T.; with decreasing temperature it first falls
rapidly, reaches a mimmum (when A, becomes
appreciable). and then increases again. In that region
1t is very structurc sensitive. Finally &, reaches a
maximum, and decrcases again with decreasing
temperature. At this lowest temperature &, should
depend on external or grain size, and may also be
imfluenced by dislocations.

Many superconductors form an intimate mixture
of normal and superconducting regions, either for
geometric reasons or because (in superconductors
of the second hind) such a mixed state s inherendy
more stable. The phase boundaries will then also
act to limit the carricr mean free paths, and rather
complex dependences on the history of the spectmen
may ensuc. These phenomena are at present only
partly understood.
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Experimental Determination of

Thermal Conductivity

1. INTRODUCTION

In the experimental determination of the
thermal conductivity 6f solids, a number of different
methods of measurement are required for different
ranges of temperature and for various classes of
materials having different ranges of thermal con-
ductivity values. A particular method may thus be
preferable over the others for a given material and
temperature range, and no one method is suitable for
all the required conditions of measurement. The
appropriateness of a method is further determined
by such considerations as the physical nature of the
material, thc geometry of sarples available, the
required accuracy of results, the speed of operation,
and the time and funds entailed.

The various methods for the measurement of
thermal conductivity fall into two categorics: the
steady-state and the nonsteady-statc methods. In the
steady-state methods of measurement, the test
specimen is subjected to a temperature profile which
is time invariant, and thc thermal conductivity is
determined directly by measuring the rate of heat
flow per unit area and temperature gradient after
equilibrivm has been reached. In the nonsteady-state
methods, the temiperature distribution in the specimen
varies with time, and measurcment of the rate of
temperature change, which normally determines the
thermal diffusivity, replaces the measurement of the
rate of heat flow. The thermal conductivity is then
calculated from the thermal diffusivity with a further
knowledge of the density and specific heat of the
test material.

The primary concern in most methods of
measurcment is to obtain a controlled heat flow in a
prescribed direction such that the actual boundary
conditions in the experiment agree with those
assumcd in the theory. Thear -w:ally, the simplest
method to obtain a controlled heat flow is to use a
specimen in the form of a hollow sphere with a

heater in the center. The heat supplied by the internal
heat  passes through the specimen in a radial
direction without loss. However, in reality it is very
difficult to fabricate a spherical heater which pro-
duces uniform heat flux in all radial directions.
It is also difficult to fabricate spherical specimens
and to measure the heat input and the temperature
gradient in this experimental arrangement.

A more commonly used method of controlling
heat flow in the prescribed direction is the use of
guard heaters (combined with thermal insulation in
most cases) so adjusted that the tempcrature
gradient is zero in all directions except in the direction
of desired heat flow. In most methods of measuring
thermal conductivity, a cylindrical specimen geo-
metry ranging from long rod to short disk is utilized,
and the heat flow is controlled to be in ecither the
longitudinal (axial) or the radial direction. Thus,
most methods can be subdivided into longitudinal
and radial heat flow methods, as discussed in more
detai! later.

Experimental study of the thermal conductivity
of solids was started in the eighteenth century.
Benjamin Franklin [199] seems first to have pointed
out, in 1753, the different ability of different materials
“to receive and convey away the heat.” He observed
materials such as metal and wood to be good or
poor conductors of heat by the degrec of coldness
felt when touched. Fordyce [200] pioneered in 1787
with experiments on the “‘conducting powers™” of
pasteboard and iron. The first steady-state com-
parative method for the measurement of the thermal
conductivity of solids was suggested by Franklin
and carried ovt by Ingen-Hausz as repdrted in 1789
(201]). This method wa: improved by Despretz as
reported in 1822 [202). and Despretz’s method was
later used by Wiedemann and Franz as reported in
1853 [17] to determine the relative thermal con-
ductivity of a number of metals, leading to the
postulation of the Wiedemann--Franz law. Since the
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first steady-state absolute method was reported in
1851 by Forbes {203, 204] (see also [205, 206)) and
the first nonsteady-state absoflute method was

~_reported in 1861 by Angstrom [207], a number of
“differei.t methods and their variants have been

developed over the years. Several general surveys
[208-218] are available for the experimental develop-
ments of the methods. The mathematical theories
of the methods have been reviewed in several books
(219-223).

In the sections that follow, the major methods
and the extent of their applicability will be briefly
described and discussed. For finer dctails of
experimental designs and techniques, the reader
1s referred to the references given to the individual
methods.

In the category of steady-state methods, we will
discuss the longitudinal heat flow method. the
Forbes’ bar method (which is a quasi-longitudinal
heat flow method), the radial heat flow method, the
direct clectrical heating method, the thermoelectrical
method. and the thermal comparator method. In the
longitudinal and radial heat flow methods, a distinc-
fion is made between absolute and comparative
methods according to the means of measuring the
heat flow. In an absolute method, the ratc of heat
flow into a specimen is directly determined. usually
by measuring the clectrical power input to a heater
at onc end of the specimen. The rate of heat flow out
of a specimen may be measured with a flow calo-
rimeter or boil-off calorimeter. With the latter the
rate of heat flow is determined by the boil-off rate of
liquid, such as water, of known heat of vaporization,
while with the former it is determined by the flow
rate and temperature rise of a circulating liquid,
such as water, of known heat capacity. In a com-
parative micthod, the rate of heat flow is usually
calculated from the temperature gradient over a
reference sample of known thermal conductivity,
which is placed in serics with the specimen and in
which, hopefully, the same heat flow occurs. The
methods are further subdivided accoerding to the
various specimen geometries.

In the category of nopstgady-state methods, we
will discuss the periodic and the transient heat flow
methods. According to the direction of heat flow,
cach of them is also subdivided into longitudinal and
radial heat flow methods. Within the transient heat
flow methods, we will discuss also the flash method
{which 1s a variant of the longitudinal heat flow
method), the line heat source and probe methods
(which are variants of the radial hcat low method),

the moving heat source method, and two compara-
tive methods.

It is worth noting that some of the methods
discussed below are not suitable for good conductors.
They may be suitable for poor conductors such as
semiconductors and some for materials such as
metallic powders and insulators.

2. STEADY-STATE METHODS

A. Longitudinal Heat Flow Methods

In the longitudinal heat flow methods, the
experimental arrangement is so designed that the
flow of heat is only in the axial direction of a rod
(or disk) specimen. The radial heat toss or gain of the
specimen is prevented or minimized and evaluated.
Under steady-state conditions and assuming no
radial heat loss or gain, the thermal conductivity is
determined by the following expression from the
one-dimensional Fourier-Biot heat-conduction equa-
tion {224, 225):

ko= (30)

where & is the average thermal conductivity corres-
ponding to the temperature (307, + 7,),AT =1,~T7,,
g is the rate of heat flow, A4 is the cross-sectional area
of the specimen, and Ax is the distance between
points of temperature measurements for T, and T,.
The different variants of this method are discussed
scparately below.

a. Absolute Methods

(i) Rod Method. This method is suitable for
good conductors and for all temperatures except
for very high temperatures. In fact, this method has
been used for almost all measurements below room
temperature. The specimen used is in the form of a
relatively long rod so as to produce an appreciable
temperature drop along the specimen for precise
measurement. A source of heat at a constant tem-
perature is supplicd at one end of the rod and flows
axially through the rod to the other end, where a
heat sink at a lower constant temperature is located.
The radial heat loss or gain of the rod should be
negligible. In order to calculate the thermal conduc-
tivity from equation (30). it is necessary to measure
the rate of heat flow into and/or out of the rod, the
cross-sectional area, the temperatures of at least
two points along the rod, and the distance between
points of temperature measurements.
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For measurements at cryogenic temperatures,
radial heat loss does not constitute a serious problem,
and thermal insulation and guard heaters are nor-
mally not necessary. The measurement is usually

~“made under high vacuum to prevent gas conduction

and convection, and a radiation shield surrounding
the specimen may be used to minimize radiation
losses. The heat issupplied to one end of thespecimen
by a heating coil of fine resistance wire (which may
be wound directly onto the specimen to eliminate
contact resistance between heater and specimen) or
by a carbon resistor attached to the end. The tem-
peratures may be measured by gas thermometers,
vapor-pressure  thermometers, thermocouples, re-
sistance thermometers. or magnetic-susceptibility
thermometers. Generalreviews of thelow-temperature
measurements and experimeatal techniques have
been prescnted by White [276. 227). For details of
some of the useful low-tem, -rature apparatus the
reader may consult references [228-239].

For measurements at high temperatures, heat
loss becomes a serious problem because radiant
heat transfer increases rapidly with temperature.
To prevent radial heat losses, a guard tube surround-
ing the specimen with controlled guard heaters may
be utilized. 1nsulating powder is usually used to fill
the space between the rod specimen and the guard
tube, which should have the same temperature
distribution along it as does the rod specimen.
In fact, as early as 1887, Berget [240, 241] started the
use of a guard ring surrounding (and with the same
temperature distribution as) the specimen to prevent
heat losses.

The rate of heat flow into the specimen may be
determined by measuring the power input to a
guarded electrical heater at the free end of the rod
specimen [242 -244]. or by measuring the heat flow
out of the specimen with a water-flow calorimeter at
the low temperature end [245]), or by both [246-248].
Temperature mcasurements are made usually with
thermocouples. In order to get correct temperature
measurements and to minimize heat conduction
along thermocouple leads, the thermocouples should
be made of fine wires of Jow-conductivity alloys,
and the leads from the junction should be along
isothermal lines.

This method, as used for measurements at high
temperatures, has been comprehensively reviewed
and discussed by Laubitz {249} and Flynn [250).
Systematic crrors in measurements caused by the
effects of heat losses, thermal contact resistance,
poor thermocouple contacts, and temperature drift
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have becn analyzed by Bauerle [251).

A vanation of this method has been used [252-
254]) in which the specimen heater is located in a
cavity at the center of the rod specimen and a heat
sink is at each end. A mean value of the temperature
gradient established towards the two ends is used
for the therma! conductivity calculation.

(ii) Plate(or Disk) Method. This method issuitable
for poor conductors such as semiconductors and for
low-conductivity materials such as compacted metal-
lic powders and insulators. [t is similar to the rod
method except for the specimen length to width
ratio being greatly reduced to a small fraction. This
specimen geometry is favorable for measuring poor
conductors, because, the smaller the length to width
ratio, the smaller is the ratio of lateral heat losses to
the heat flow through the specimen, and the shorter
is the equilibrium time. The size of specimen used in
various apparatus designed for different kinds of
materials varies greatly. For apparatus designed to
measure semiconductors, the specimen used may be
about l-cm wide [255), while the apparatus for
measuring less homogeneous insulating or refractory
materials may require a specimen of over | foot in
width (256).

In this method, the thermal conductivity is also
given by equation (30). The ratc of heat flow may be
determined by the electrical power input to a guarded
heater [256-258). by a guarded water-flow calori-
meter [259]. by a beil-off calorimeter {260-263), or
by a heat flow meter [264). Temperature measure-
ments are made generally with thermocouples
inserted in the specimen or embedded in grooves on
the spccimen surfaces, depending on the materials
tested. Lateral heat losses may be prevented either
by utilizing guard heaters or by using a large speci-
men, of which only a relatively srall central area is
used for measurement. In the first detailed mathe-
matical analysis of the plate method reported in
1898, Pcirce and Willson [265]) found already tinat.
if the radius of the specimen is five times larger than
that of the central test section whose thickness equals
its radius, the temperature at any point within the
central test section would not sensibly differ from the
temperature at the corresponding point in an infinite

disk of the same thickness and same face tempera-
tures. Further mathematical analyses of the errors
due to lateral heat foss in guarded hot plate apparatus
have been given in [266-268).

Detailed descriptions of recent apparatus for
measurements at cryogenic temperatures can be
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found in the articles collected in [269], and for
measurements at high temperatures in [270]. A
comprehensive review of the plate method has been
given in [271]. A description of the NBS steam

-calorimeter apparatus and some useful discussions

on this method have also been given in (250].

There are two main kinds of expcrimental
arrangements for the absolute platz (or disk) method:
the single-plate system and the twin-plate system.
The single-plate system [255, 258-265) requires only
one specimen, which is placed between a hot plate
and a cold plate, while the twin-plate system [256,
257] requires two similar specimens to be sand-
wiched between a hot plate in the middle and two
cold plates on the outside. The plate method employ-
ing the single-plate system was probably first used
by Clément, whose experiment on copper was
cited by Péclet {272] in 1841. Péciet also used this
method to measure the thermal conductivity of
copper, and both of them obtained erroneous results.
Later improvements on this method have been made
by Peirce and Willson [265] and Lees [273) among
others. The idea of a twin-plate system was developed
by Lees [273] in 1898, but he did not actually adopt
the twin-plate system for his plate method in the
series of measurements as reported in [273). How-
ev-r, he used the twin-plale system in his experiments
on the effect of pressure on thermal conductivity
reported in 1899 [274). Great improvement on the
plate method employing the twin-plate system was
madec by Poensgen [257]) in 1912, who introduced
the guard-ring heater to the system as the prototype
of the modern guarded hot-plate apparatus.

b. Comparative Methods

In the carliest steady-state comparative method
suggested by Franklin and carried out by Ingen-
Hausz [201] as reported in 1789, rods of various
metals were coated with wax and heated at one end
to a common temperaturc in a bath of hot water or
oil. The wax melted over a greater distance on a rod
of better conducting material, and under steady-state
conditions the ratio of the conductivities of the rods
i1s roughly proportional to the squares of these
distances. The modern comparative methods are
divided-rod (or cut-bar) method and the comparative
plate method as discussed below.

(i) Divided- Rod (or Cut-Bar) method. Thedivided-
rod method was originated by Lodge '75) in 1878
and later used by Berget [276), Lev., (277), and
many others, In this method a reference sample

(or samples) of known thermal conductivity is
placed in series with the unknown specimen with
hopefully the same rate of heat flow through both
the reference sample and the specimen. Under such
ideal conditions, the thermal conductivity of the
specimen is given by

A(AT/Ax),
" A(AT/Ax)

where the subscript 7 designates the reference sample.

This method may be divided into two distinct
groups: the “‘long-specimen™ type [276, 278, 279]
for mecasuring the thermal conductivity of good
conductors, and the “short specimen™ type [275,
277, 280-283] for measuring poor conductors.

Comparative methods have the advantages of
simpler apparatus, easier specimen fabrication. and
easier operation. Their disadvantages include addi-
tional measurement errors due to the required
additional measurements of temperatures and ther-
mocouple separations, difficulty in matched guarding,
and lower accuracy due to the additional uncertainty
in the conductivity of the refercnce sample, due to
the conductivity mismatch between specimen and
reference sample, and due to the interfacial thermal
contact resistance. These have been carefully analyzed
by Laubitz [249) und Fiynn [250]. Flynn {250) has
pointed out that the ASTM standard cut-har method
C408-58 [282] is not weil designed, and the data
obtained by using this method ~an be subject to
large errors,

(i) Plate (or Disk) Method. This comparative
method is suitable for poor conductors and insulators
and is similar to the divided-rod method in principle
except that the specimen and the reference samples
are yiow flat plates (or disks) sandwiched between a
hot and a cold plate. Christiansen [284] was the first
to report in 1881 the use of this type of comparative
method in which he compared the thermal con-
ductivity of liquids with that of air. Peirce and
Willson [265) used this method to measure the
thermal conductivity of marble slabs with glass
plates as reference material for comparison. Sieg
(285] employed the guard ring in his apparatus to
prevent lateral heat loss.

¢. Combined Method

Gn

In using a “combined™ methnd, the apparatus
combines the features of both absolute and com-
parative methods. The rate of heat flow is deter-
mined both through a reference sample placed in
series with the specimen and simultancously by a
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water-flow calorimeter [286-288] or by measuring
the electrical power input to a heater [289)]. In the

- measurements reported in {289], a ‘‘dual combined”

method was employed in which a heater is located
at the center of the divided rod between two short
specimens with two longer reference samples at the
two ends which are cooled by flowing water.

B. Forbes' Bar Method

Forbes' original method [203-206] consists of
two separate experiments. The first was termed by
Forbes the sratical, and the second the dynamical,
or cooling experiment. In the sratical experiment a
square wrought iron bar with 1.25-inch side and
8 feet long was heated at one end by molten lead or
solder at a fixed high temperature, and the steady-
state temperature distribution along the bar w.as
determined with the surface of the bar losing heat by
convection and radiation to a constant-temperature
environment. In the dynamical or cooling experiment,
a similar bar but only about 20 inches long was
cooled in the same environment from a high uniform
temperature, and the rate of heat loss was deter-
mined. From these two experiments, the thermal
conductivity may be computed as follows.

Replacing Ax/AT in equation (30) oy dx/dT,
differentiating the resulting equation with re pect to
x. and rearranging gives

Ldg 1
k== (32)

The statical experiment provides values for
d?T/dx?, and the heat loss per unit time per unit
length of the bar in the cooling experiment is

dq dT
—_ = AC—-
dx dar

where dT/d! is the measured cooling rate and C the
specific heat per unit volume.

Hogan and Sawyer [290] have improved this
method so that it is not necessary to know the
specific heat of the material. They used a thin long
rod enclosed in an isothermal furnace. Radial heat
loss from the specimen was determined by passing
an electric current through the specimen and measur-
ing the electric power required to maintain it at a
temperature slightly above that of the furnace. This
replaces Forbes' cooling experiment, and it is not
necessary to know the specific heat since a stcady-
state condition is prevailing.

Hogan and Sawyer's method was further
improved by Laubitz [291]. In his comprehensive

(33)
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review Laubitz {249] has discussed in detail the
generalized Forbes' bar method, including the other
major variants currently in use {292-294].

C. Radial Heat Flow Methods

There are several different types of apparatus
all employing radial heat flow. The classification is
mainly based upon specimen geometry. In the follow-
ing we will briefly describe the cylindrical, spherical,
ellipsoidal, concentric sphere, concentric cylinder, and
plate methods. The reader is referred to the references
given for the individual methods for finer details.
A comprehensive review of radial heat flow methods
has been made by McElroy and Moore (295).

a. Absolute Methods

(i) Cylindrical Method. The cylindrical method
uses a specimen in the form of a right circular
cylinder with a coaxial central hole, which contains
either a heater or a heat sink, depending on whether
the desired heat flow direction is to be radially
outward or inward. The use of this method was
first reported by Cailendar and Nicolson [296) in
1897 for measuring the thermal conductivity of cast
iron and mild steel. The cylindrical specimens used
were 5 inches in diameter and 2 feet long with 1-inch
coaxial holes heated by steam under pressure. The
outside of the cylinder was cooled by water circulating
rapidly in a sniai tube. Niven [297] in 1905 also
used the radial heat flow method for measurements
on wood. sand, and sawdus:. His method is close to
the so-called hot-wire method Zeveloped by Andrews
(298] in 1840 and Schleiermacher {299] in 1888 for
measurements on gases. Kannuluik and Martin [300]
used the hot-wire method for measurements on
powders as well as on gases.

In the early experiments and also in many later
designs [301-304], end guaids are not employed.
The effect of heat losscs from the ends of the specimen
is minimized by using a long specimen and monitor-
ing the electric power within only a small section of
the specimen away from the ends.

The guarded cylindrical method employing end
guards at both ends of the specimen to prevent
axial heat losses was developed by Powell {305] and
first reported in 1939 for measurements on Armco
iron at high temperatures. In the guarded cylindrical
method the specimea is generally composed of
stacked disks with a coaxial central hole containing
either a heater or a heat sink. Temperatures within
the specimen are measured cither by thermocouples
or by an optical pyrometer. For details of some of
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the useful apparatus employing the guarded cylin-
drical method, the reader may consult references
{295, 305-310).

The thermal conductivity is calculated from the
expression

_ 9 In(ro/ry)
277[(7‘: -~ Tz)

where / is the length of the central heater and T,
and T, are temperatures measured at radii r, and r,,
respectively.

Hoch et al. {311) have developed a quasi-radial
heat flow method in which the specimen in the form
of a disk or short cylinder is heated at its convex
cylindrical surface in high vacuum by means of
high frequency induction and is losing heat from its
flat circular end faces by radiation. In this method
the inward flow of heat from the cylindrical surface,
at which the generation of heat is localized, into the
interior of the specimen is, of course, not strictly
radial, and the temperature gradieat of the flat
circular end faces along the radius is related to the
thermal conductivity. The theory of this method has
recently been revised by J. Vardi and R. Lemlich
(to be published in the Journal of Applied Physics in
1970).

(1) Spherical and Ellipsoidal Methods. In a spheri-
cal method, the heater is completely enclosed inside
the specimen which is in the form of a hollow sphere.
The heat supplied by the internal heater passes
through the specimen radially without loss. Theo-
retically, this method is ideal. However, there are a
number of practical difficulties such as difficult
fabrication of a spherical heater which produces
uniform heat flux in all radial directions, difficult
fabrication of spherical specimens, difficult position-
ing of thermocouples along spherical isotherms, etc.,
which have prevented this method from being
popular. Laws, Bishop, and McJlunkin [312] seem
the first to have used this method on solids (not loose-
filled materials). A detailed description of a modern
design may be found in {301]. The thermal con-
ductivity is calculated from the cxpression

(1/ry = 1/rg)
k=2 35
4 ( Tx ‘Tz) (33)

(34)

The ellipsoidal method is similar to, but has
some advantages over, the spherical method. It was
developed by a group of researchers at MIT [313-
315). The major advantage of using a specimen in
the form of an ellipsoid instead of a sphere is that

the isothermal surfaces near the plane of the minor
axes of an ecllipsoid are rather flat so that straight
thermocouple wires can be used without il effect.
1f a is half the focal length of the ellipsoid and T
and T, are temperatures measured at respectively
two radii r, and r, on the iinor axis, the thermal
conductivity is determined by the expression

= -_———_———q —_
871’0( Tl —- Tg)
Va2 +r? ~a Jfa*+r? +a
In( .
Vied+r)+a (@ +r? -a
Despite the aforementioned advantage, the ellip-
soidal method is also rarely used due to the other

experimental difficultics common to both the
ellipsoidal and spherical methods.

) (36)

(iii) Concentric Sphere and Concentric Cylinder
Methods. Concentric sphere and concentric cylinder
methods are used mainly for measurements on
powders, fibers, and other loose-filled maternals.
The specimen is filled in the space between two
concentric spherical (or cylindrical) shells, with the
inner sphere (or cylinder) being a heater or a heat
sink, In a concentric cylinder apparatus, end guards
arc usually used to prevent axial heat fiow,

A conceatric sphere method was first used by
Péclet [316] and reported in 1860 with the inner
sphere filled with hot water as heater. However, a
steady-state condition was not achieved in his
pioneering measurements. Later Nusselt [317] suc-
ceeded in using this method for measurements on
insulating materials with an clectric heater installed
inside the inner spherical shell. A modern apparatus
using a boil-off calorimeter in the inner sphere was
described in [318).

A concentric cylinder method was used by
Stefan [319] and reported in 1872 for the measure-
ments on gases. It was later adopted for measuring
loose-filled materials. Reference [320] describes a
modern apparatus employing a guarded boil-off cal-
orimeter inside the inner cylinder. Recently, Flynn
and Watson [321] used a concentric cylinder method
to measure the high-temperature thermal conduc-
tivity of soil.

(iv) de Sénarmont’s Plate Method. de Sénarmont
(322-326) in 1847-48 used a radial heat flow plate
method to determine the anisotropy in thermal
conductivity of crystalline substances. However, this
method does not yield absolute values of thermal
conductivity, and furthermore, the axial heat loss
is not prevented.
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In his method, a thin plate of the sample was
coated with a thin film of white wax ; heat was apnlied
at a central point by means of a hot, thin silver tube
tightly fitted in a hole at the center of the plate.
The wax melted around the region where heat was
supplied and the bounding line of the melted wax
was the visible isotherm, the shape of which indicated
the variation of thermal conductivity in the different
directions.

If the substance is isotropic, the bounding curve
of the melted wax is a circle, whereas for aniso-
tropic substances, this curve is elliptical. In such a
case, the ratio of the two thermal conductivities k,
and k, along the two axes a and b of the ellipse is
given by the expression

kg fa\?

(9 o

ky \b

Powell [327]) has modified the method in his

simple test for anisotropic materials. In testing
gallium, he cooled a slice of crystal locally by means
of a piece of solid carbon dioxide and observed the
contours of the dew and frost areas which formed
around the cooled zone. For testing graphite, he
followed de Sénarmont’s original method but the
surface of the plate used was covered with frost by
precooling instead of being coated with wax.

b. Comparative Methods

(i) Concentric Cylinder Method. This method has
been used for measurements on some special materials
such as those that are radioactive or reactive [328-
330] and not for ordinary matcrials, because it does
not have any major advantage over the absolute
method. A typical apparatus of this kind consists of
a cylindrical specimen which is surrounded by a
concentric cylindrical reference sample of known
thermal conductivity. A coaxial central hole in the
specimen contains a heat source, which produces
heat flowing radially through both the specimen and
the reference sample. The advantage of using this
metk for measuring radioactive or reactive
mater.. ‘s is that the reference sample which encloses
the specimen serves also as a means of containment.
The thermal conductivity is determined from the
expression

Ty = T In(ry/ry)

k=k(-

' (38)
(T, = T3) Infry/ry)

where T, and T, are two temperatures measured in
the specimen at two radii r, and r,, respectively, and
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T, and T, in the reference sample, at r; and r,,
respectively.

(1) Disk Method. Robinson [331] developed a

‘method, which he termed the ‘‘conductive-disk

method,’'forcomparative nieasurementsoninsulators.
This method employs inward radial heat flow from
a heater at the circular edge of a disk of suitable
conductive reference material sandwiched between
two like specimens, which are in turn sandwiched
between two circular cold plates at a constant lower
temperature. However, the heat flow in this case is
not strictly radial, since, as the heat flows radially
in the conductive disk toward the center, it flows
also from the disk through the specimens to the
cold plates. As a result, the steady-state temperature
of the disk decreases toward its center, and the rate
of decrease depends on the thermal conductivity of
the specimens. Robinson obtained an expression for
calculating the thermal conductivity of the specimens
from the known thermal conductivity and thickness
of the disk and from the temperatures of the cold plates
and of the disk at its center and at a suitable radius.

D. Direct Electrical Heating Methods

In direct electrical heating methods, the speci-
men is heated directly by passing an electric current
through it. These methods are therefore limited to
measurements on reasonably good electrical con-
ductors. Furthermore, they usually yield thermal
conductivity in terms of electrical conductivity
rather than directly. However, direct electrical
heating methods have also certain advantages over
other methods. They otfer a means of easily attaining
very high temperatures, use simpler apparatus and
experimental techniques than other methods at high
temperatures, use relatively small specimens, require
relatively short time to reach equilibrium, and also
offer the possibility of concurrent determinations of
a number of physical properties on the same
specimen. According to specimen geometty, these
methods fall into two major categories: cylindrical
rod and rectangular bar. They will be briefly dis-
cussed below. Comprehensive reviews {332-334] on
direct electrical heating methods are available.

The thermoelectrical method to be discussed
later involves also the direct passage of an electric
current through the specimen. However, in that
methed the specimen is heated (and cooled) by the
Peltier effest which is totally diffsrent from the
Joulean heating responsible for maintaining the
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specimen temperature in the direct electrical heating
methods discussed here. It is therefore preferable to
discuss the thermoelectrical method separately in

-another section.

a. Cylindrical Rod Methods

The dirtect electrical heating methods in this
category involve heating specimens in the form of
rods, thin wires, or tubes by the passage of regulated
electric current, and measuring potential drops and
temperatures for the calculation of thermal con-
ductivity.

There are many different techniques and variants
that have been employed over the years since
Kohlrausch [335-338] first developed this method.
‘The different variants may be divided into three
categories as discussed below.

(1) Longitudinal Heat Flow Method. In this
method the rod is well insulated or guarded to
prevent radial heat losses so that the Joule heat
generated in the specimen flows to the two ends.
This is the method originally developed by Kohl-
rausch {335-338). If the two ends of the rod are held
at the same temperature and assuming that in a small
temperatu-e range the thermal and electrical con-
ductivities are independent of temperature, the
thermal conductivity is given by the simple relation

_ =y (39)
8 (T,—T,)

where p is the electrical resistivity, ¥, and V, are the
electrical potentials at locations 1 and 3 on the
specimen which are at equal and opposite distances
from the midpoint 2, and T, and T, are temperatures
at locations | and 2. This method was first used for
actual measurements by Jaeger and Diesselhorst
(339]. A variant of it has been used by Mikryukov
(332). The so-called *‘necked-down-sample method”
(340) may also be considered as a longitudinal heat
flow method.

(1) Radial Heat Flow Method. This method uses a
thick rod or tube and allows radial heat transfer.
Under steady-state conditions, the Joule heat
generated in the specimen at regions remote from
the ends flows radially to the surface and is then
transferred by convection and radiation to the
surroundings. This method was first suggested by
Mendenhall and applied by Angell [341]. In the
case of a cylindrical rod specimen and assuming that
in a small temperature range the thermal and clcc-
trical conductivities are independent of temperature,

the thermal conductivity is given by the simple
relation

El

k 4rl(T, - Ty) (40)
where I is the electric current, E ic the electrical
potential drop over a length / at the central region
of the specimen, and Ty and T, are the temperatures
at the axis and surface, respectively, of the rod at the
central rcgion. These temperatures were too small
for precise measurements on metals, but Powell and
Schofield {342] used it for poorer conducting carbon
and graphite. and they also took account of the
variation of thermal and electrical conductivities
with temperature.

(111) Thin-Rod- Approximation Method. The general
form of the present method uses a long thin filament
heated electrically in vacuum and allows both longi-
tudinal heat conduction and lateral heat transfer by
radiation. The ‘“‘thin-rod approximation” involves
the assumption that the temperatures and potentials
in all planes normal to the specimen axis are uniform,
1.e., their differences in the radial direction are
negligible. Worthing [343] first employed this method
for measurements on U-shaped filaments at incan-
descent temperatures. There are many variants
(344-358] of this method, all with more or less
different experimental designs, mathematical assump-
tions, and/or computational techniques.

Taylor, Poweli, and co-workers [354, 356-358] at
TPRC have made improvements and advancements
on this method. They have taken the Thomson effect
into account, which had never been done before, and
have included the temperature dependence of various
physical properties. They used the general equation
directly and their advanced computational tech-
niques have eliminated the need for mathematical
approximations and for matching certain experi-
mental conditions.

1t seems appropriate to mention the considerable
discrepancies which have resuited from the data
obtained by various workers, all of whom used
different variants of the dircct electrical heating
method. One of the most recent of the TPRC papers
[358) contains an interesting graphical presentation
of all the determinations made on tungsten by these
methods for the temperature range 1600 to 2800 K.
Six of the fourteen groups of workers obtained
results lying well above the recommended curve of
Powell, Ho, and Liley [359], and one was well below
it, the spread being of the order of 50 percent,

1 N TR IR T
TR N R IR DT ) "

t.. U—
wall i 11w

ikl

b B v e

Lt ity

T e

b i i




e

ST R e L Nt

[

o

P anbaulR LN

8u percent, and 70 percent at 1800, 2200 and 2600 K,
respectively. The other seven had rasults within about
10 percent of the recommended curve, while the

= curve fitting the new results of {358} was some 3 to

S percent below the recommended curve. Earlier
reports [333, 356] had contained examples of similar
discrepancies for other high-melting-point metals,
such as molybdenum, stainless steel, and platinum.
The main reasons for these differences include
failurc to measure accurately small temperature
gradients at high temperature, failure to match
boundary conditions, errors resulting from simplify-
ing mathcmatical approximations, and the use of
temperature regions in which the thermal conduction
term is small compared with the Joulean heating and
radiation loss terms.

These have been quoted as examples of current
experimental work at the TPRC, which became
necessary because of the need to resolve some szriously
discordant data and to gain further insight into their
causes. The impression must not be given, however,
that such discrepancies are confined to metals or to
direct electrical heating methods. This is by no means
the case, and the literature of heat conduction
contains many examples of discordant results for all
types of methods used. Titanium carbide, one of the
materials dealt with in Volume 2, may be mentioned.
The first determinations regurted on titanium carbide
by Vasilos and Kingery [360] to high temperatures
showed the thermal conductivity to decrease from
about 0.2Wem'C-'at 200 Cto 0.1 Wem-3C-?
at 500C and 0.04 Wem~t C-! at 1000C. Two
methods had been used: the divided-rod comparative
method for a cube sample up to about 800 C and an
ellipsoidal radial-flow method from about 500 to
1100 C. The former method gave results which were
greater by from 30 percent to 20 percent over their
common temperature range. In 1961 Taylor [361])
used a better-substantiated radial heat flow method
for cylindrical samples of titanium carbide, and
found the thermal conductivity to increase linearly
from0.38 W ecm-2C-1at 600 C t0 0.47 Wem-1 C-!
at 1600 C.

These two sets of values, differing at about
1000 C by about one order of magnitude and having
temperature coefficients of opposite sign, naturally
aroused interest, and subsequent contributions by
Laubitz [362]), Hoch and Vardi [363), and Powell
{364, 365} and the nonsteady-state measurements of
Taylor and Morreale [366) all supported the higher
values of Taylor [361). It would seem that the higher
thermal conductivity of titanium carbide led to

Theory, Estimation, and Measurement 21a

serious errors being associated with the method of
Vasilos and Kingery, which were not apparent for
substances of lower thermal conductivity. Incidently,
had the much simpler measurement of electrical
resistivity been also made, the unusually low resultant
Lorenz function should have provided warning that
abnormal data were being obtained. It might well be
added that the inclusion of electrical resistivity
measurements on all possible occasions is a simple
extra measurement which also serves to provide
very useful information about the properties of the
material under test and its behavior on temperature
cycling.

The foregoing example also indicates th-.t users
of the data tables of these volumes shouls, in the
absence of any analysis that has produced a curve of
recommended values, tend to be critical of the values
presented, until these are seen to be well supported
by independent experiments, correlations, or by
additional checks such as that of a reasonable
Lorenz function.

An additional outcome of the current TPRC
investigation has been the development of a method
and of equipment capable of determining a large
number of high-temperature physical properties
[367). Their multiple-purpose apparatus is the first
operational model that can accurately measure the
thermal conductivity, electrical resistivity, total and
spectral hemispherical emittance, Thomson coeffi-
cient, and Lorenz function on one and the same
specimen. This apparatus can also measure the
specific heat, enthalpy, thermal diffusivity, thermal
expansion, Seebeck coefficient, Peltier coefficient,
and Richardson coeflficient. The merit of obtaining
many different physical properties from one and the
same specimen so as to permit meaningful quan-
titative cross-correlations between properties need
not be emphasized here.

b. Rectangular Bar Method

This method was developed by Longmire [368]
and is a geometrically-deformed variant of the radial
heat low method. The specimen used is in the form
of a long rectangular bar. This special spccimen
geometry enables all temperature measurements to
be made on the surface of the specimen. As the
specimen is heated electrically in vacuum, the heat
loss by radiation establishes a radial temperature
gradient, and the temperature at the center line of
the wider surface of the rectangular bar wiil be
higher than that at the center line of the narrower
surface. From measurements of these two
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temperatures and the electrical conductivity and
total hemispherical emittance of the bar, the thermal
conductivity can be calculated using the equation
derived by Longmire.

Longmire’s method was improved by Pike and
Doar [369-371) both in mathematical analysis and
in cxperimental techniqucs. They further extended
this method to the deteimination of anisotropy in
thermal conductivity.

E. Thermoelectrical Method

The thermoelectrical method was developed by
Borelius [372) and reported in 1917 for the combined
measurement of the Peltier heat and thermal con-
ductivity of the same material, and is particularly
applicable to the measurements on thermoelectric
materiais.

In this method. the specimen s held beiween
metallic contacts through which a small direct
electric current is passed. Peltier heating thus occurs
at one end of the specimen and Peltier cooling at the
other end, which establishes a temperature gradient
along the specimen. Under steady-state conditions,
the rate of Peltier heat gencration at the hot end s
just balanced by the rate of heat conduction from
the hot to the cold end. Thus the thermal conductivity
can be calculated from the rate of Peltier-heat
production =/ (= being the Peltier coefficient), the
temperature difference between the ends AT, the
cross-sectional area A, and the length / by the
expression

nll
—— (41)

AAT
Since » = ST, S being the Seebeck coefficient, =
can be determined by measuring the Secbeck coeffi-
cient from the potential difference between the ends
after the temperature difference AT is established.

When the direct electric current is passed through
the specimen, Joulean heating will occur, of course.
However. the Joulean heating effect can be made
negligibly small in a good thermoelectric material by
choosing the current small enough, because the
Joule heat production is proportional to /2 while the
Peltier heat production is proportional to /. The
Thomscn heat effect is generally small.

Borelius’ method was used by Sedstrom [373,
374) for measurements on alloys. Some forty years
Jater, Putley {375] and Harman [376, 377] reinvented
this method. A recent apparatus is described in [378).

A transient thermoelectrical method was devel-

oped by Hérinckx and Monfils [379]. In this method
a direct electric current is passed through the
specimen and the time dependence of the resulting
potential drop across the specimen is observed.
The thermal conductivity can be derived from the
shape and asymptote of this potential drop versus

time curve provided that the Seebeck coefficient is
known,

F. Thermal Comparator Method

The thermal comparator method was developed
by Powell {380-383] and is & simple comparative
method for the rapid, casy measurement of thermal
conductivity.

The essential part of the thermal comparator is
an insulated probe with a projecting tip. The probe
1s integral with a thermal reservoir held at a tempera-
ture about 15 to 20 degrees above room tempera-
ture. A surface thermocouple is mounted at the tip
of the probe and is differentially connected to the
thermal reservoir for the measurement of the
temperature difference between the reservoir and
the tip.

In operation, the probe is gently placed on the
surface of the test material. Upon contact of the
probe tip of known thermal conductivity &, and
originally at temperature 7, with the surface of the
test material of thermal conductivity &k, and ai room
temperature 7, the temperature of the probe tip
drops quickly to an intermediate temperature, T,
given by the expression

k
T - T=(T,-Ty) (k :k‘) (42)
1 2

This temperature difference is registered by the emf
reading of the differential thermocouple after a brief
transient period (1 to 2 seconds) has elapsed.

From the emf readings of tests on a series of
reference samples of known thermal conductivity,
a calibration curve is obtained, and the thermal
conductivity of an unknown specimen can thus be
dctermined from the emf reading through the cali-
bration curve.

Powcll {384] has made a comprehensive review
on this method. Some subsequent developments are
discussed in [385). The thermal comparator has been
developed by TPRC as an instrument [385] for the
rapid determination of the thermal conductivity of
sclids and liquids and is commercially available
from The McClure Park Corp., West Lafayette,
Indiana.
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3. NONSTEADY-STATE METHODS

In nonsteady-state methods, the temperature
distribution in the specimen varies with time. The
rate of temperature change at certain positions along
the specimen is measured in the experiment, and no
measurement of the rate of heat flow is required.
These methods normally determine the thermal
diffusivity, from which the thermal conductivity can
be calcuiated with an additional knowledge of the
density and specific heat of the test material.
Nonsteady-state methods fall into two major
categories, the periodic and the transient heat flow
methods, as briefly discussed below. These methods
have been comprehensively reviewed by Danielson
and Sidles [286]. and will be dealt with in Volume 10
of the TPRC Data Series.

A. Periodic Heat Flow Methods

In periodic heat flow methods, the heat supplied
to the spcaimen is modulated to have a fixed period.
The resulting temperaturc wave which propagates
through the specimen with the same period is
attenuated as it moves along. Consequently, the

" thermal diffusivity can be determined from measure-

ments of the amplitude decrement and/or phase
diflerence of the temperature waves between certain
positions in the specimen. In most of the periodic
heat flow methods, heat flow is in the longitudinal
(axial) direction. However, methods with heat flow
in the radial direction have also been used.

a. Longitudinal Heat Flow Method

The periodic heat flow method was first devel-
oped by Angstrdm (207, 387) and reported in 1861.
In his method a variable heat source capable of
producing a sinusoidal temperature variation was
attached to the center of a long thin rod specimen,
and the temperatures as a function of time at
two positions / apart towards the ends of the rod
were measured. From these temperature-time
measurements, the velocity, v, and the amplitude
decrement 3 of the temperature wave can be deter-
mined for the calculation of thermal diffusivity.
This method has been modified and improved by
King (388] and others [389-391). The thermal
diffusivity may be calculated from the expression
1390)

vl

~ 2Ins

The Angstrom method, which uses a long rod,
has its limitations. In some cases, specimens in the

(43)
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form of long rods may not be available, and in other
cases, such as in the rneasurements on poor con-
ductors at high temperatures, heat guarding to
prevent lateral heat losses from a long rod may be
difficult. Consequently, methods using specimens in
the form of a small plate or disk have been developed
[392-394].

b. Radial Heat Flow Method

In this method, the specimen in the form of a
cylinder is heated by a heat source capable of
producing a periodical temperature variation either
at the axis or at the circumference, and the radial
temperature variations with time are measured.
The thermal diffusivity may be calculated from the
phase change of the temperature oscillations, or
from the amplitude variation of the oscillations with
frequency.

Tanasawa [395] used this method in 1935 for
the measurements on humid materials. In his method,
a sinusoidal temperature was produced on the surface
of a cylindrical specimen, and the temperatures at
differcnt radial distances were measured for the
calculation of thermal diffusivity.

Filippov and his co-workers have further
developed a method of this type [396] and used it
for the measurements on metals [397] and molten
metals [398, 399] at high temperatures.

The nonsteady-state radial heat flow method
has also been employed for measurements on
insulators [400, 401].

B. Transient Heat Flow Methods

Transient heat low methods, both longitudinal
and radial, were first used by Neumann (402, 403)]
and reported in 1862. In his method, one end of a
bar was heated by a flame until the temperature
attained the equilibrium state. The flame was then
suddenly removed and temperatures at two positions
along the bar were measured as a function of time.
Thermal diffusivity can then be calculated froin these
measurements. For the measurements on poor con-
ductors, he used another method in whi~h a cube or
sphere was heated uniformly to a higi. ~ mperature
and then was allowed to cool in the air. The tempera-
tures at the surface and at the center were measured
as a function of time.

The modern transient heat flow methods have
a wide variety. In the following a number of the
major variants are briefly discussed.
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a. Longitudinal Heat Flow Method

Similar to the longitudinal periodic heat flow
method, the longitudinal transient heat flow method
can also be subdivided into two major categories,
those using a long rod and those using a small plate
(or disk).

Methods in which one end of a long rod, which
is initially at uniform temperature, is subjected to a
short heating pulse have been developed (404, 405].
There are also methods in which steady heating is
provided at one end of a rod and the temperatures as
a function of time at two or more positions along
the rod are observed [406-408).

Transient heat flow methods in which the speci-

- men used is in the form of a small plate or disk have

been developed by a number of workers (409-412].

b. Flash Method

Although the flash method is a variant of the
fongitudinal transient heat flow method using a
small thin disk specimen geometry, it has a very
special feature which makes it a class of its own.
In the “*flash™ method, a flash of thermal energy is
supplied to one of the surfaces of a disk specimen
within a time interval that is short compared with
the time required for the resulting transient flow of
heat to propagate through the specimen. This
method was developed by Parker, Jenkins, Butler,
and Abbott [413] and reported in 1961.

In use, a heat source such as flash tube or laser
supplies a flash of energy to the front face of a thin
disk specimen, and the temperature as a function of
time at the rear face is automatically recorded.
The thermal diffusivity is given from the thickness
of the specimen, /, and a specific time, 1,5, at which
the back-face temperature reaches half its maximum
value by the expression

D = 1.37 %%, (44)

Other cxpressions for the calculation of thermal
diffusivity have also been used.

Subsequent improvements on this method have
been made [414, 415] by the application of correc-
tions for the finite pulse-time effect and the radiation-
loss effect.

¢. Radial Heat Flow Method

As mentioned before, a radial heat flow method
was used by Neumann (402, 403] for measurements
on poor conductors. His specimens were of spherical
shape.

In modern apparatus, specimens in the form of
cylinders arc used. A long cylindrical specimen,
Lollow or solid, which is initially at uniform tempera-
ture, is heated either at the axis or at the outer
surface and the temperatures as a function of time
at different radial distances are measured. In the
methods developed by Ginnings [416] and by Cape,
Lehman, and Nakata [417]. cylindrical specimens
were continuously heated at the outer surface.

Specimens ir the form of hollow disks stacked
on an axial heater with outer disks as end guards
have been used by Carter, Maycock, Klein, and
Danielson [418].

Although the line heat source and probe methods
are also radial transient heat flow methods, they are
quite different from other methods and will be
discussed in a scparate section below.

d. Line Heat Source and Probe Methods

The line heat source method was originally
developed by Stalhane and Pyk {419} in 1931 and
used for measurements on ceramic materials [420).
This method is suitable for the measurements
on loose-filled materials such as powders.

In this method, a long thin heater wire which
serves as a linc heat source was embedded in a large
specimen initially at uniform temperature. The
heater is then turned on, which produces constant
heat, g, per unit length and time, and the temperature
at a point in the specimen is recorded as a function
of time. The thermal conductivity is given by the
expression

t
k=e—3  n2 (45)
4”( T2 - Tl) Il

where (T3, —T,) is the temperature difference at two
times f, and ¢,. Subsequently, this method was also
developed by van der Held and his co-workers
(421, 422], and others.

The probe method is a more practical line heat
source method in which the heat source is enclosed
inside a probe for protection and for easy insertion
into a specimen. This method was developed by
Hooper and his co-workers (423, 424), and others.
Blackwell (425, 426) has derived theoretical treat-
ments for practical departures from a true line source,
and in the discussion of a paper {427) dealing with
the use of a probe method in connection with the
routing of electric power cables, he advocated the
use of very small thermistors as an alternative to
thermocouples.
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e. Moving Heat Source Method

The moving heat source method was developed
by Rosenthal and his co-workers [428-430), and
involves the establishment of a quasi-steady-state
temperature distribution in a long tubular-shaped
specimen heated by a moving localized heat source
ol constant intensity. As the heat source approaches
and moves away, each point in the specimen is
subjected to a temperature rise and fall. When the
heat source passes over the specimen, the tempera-
ture at a point remote from the ends is recorded as
a function of time. From this record, a curve of the
logarithm of the temperature variation with time is
made. The thermal diffusivity is given from the
velocity of the heat scurce, t, and the slopes P, and P,
on the rising and falling portions of the curve at the
same tempcrature by the expression

12

= (46
P, + P, )

f. Comparative Method

A comparative method employing transient
heat flow was developed by Hsu [431, 432). In this
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method, two identical sets of composite blocks are
used. Each sct consists of a test specimen and a
reference sample whose properties are known,
Initiatly, the two sets are heated separately to uniform
but different temperatures, and then they are suddenly
brought into contact, with the two test specimens
touching each other. The transient temperature at
the contact plane between the test specimen and
reference sample corresponding to a certain time is
measured, and from this the thermal diffusivity of
the specimen can be calculated.

Another transient-heat-flow comparative method
has been used by Deem et al. [433) for the measure-
ments on irradiated materials. The method of
measurement is to place the lower ends of a specimen
and a reference sample, which are of the same size
and initially at room temperature, in molten tin
maintained at a constant elevated temperature and
then measure the times required for the upper ends
to reach a predetermined intermediate temperature.
The ratio of the thermal diffusivities is assumed
directly proportional to the ratio of the two times
measured for the specimen and the reference material.
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Data Presentation and Related

General Information

1. SCOPE OF COVERAGE

Presented in this volume are the thermal con-
ductivity data for 69 elements, {72 nonferrous
binary alloy systems, 80 nonferrous multiple alloy
systems, 25 ferrous alloy systems, 60 intermetallic
compounds, 16 mixtures of intcrmetallic compounds,
and 13 miscellaneous alloys and mixtures. These
data were obtained by processing over 2150 research
documents on the thermal conductivity of metallic
materials dated from around 1800 to 1967, of which
1000 contain usable data. Materials within each
group are arranged in alphabetical order by name,
as listed in the Grouping of Materials and List of
Figures and Tables in the front of the volume. In all,
this volume reports 5539 sets of data on §92 materials,
which are listed in the Material Index at the end of
the volume. The Maierial Index lists also the
materials contained in the companion volumes
(Volumes 2 and 3) on thermal conductivity.

In addition to metals, semimetals and semi-
conductors are included in this volume. Although a
nonmetal, boron is also included because of its
extensive use as an alloying element for metallic
_alloys. Of Uourse, it is also contained in Volume 2,
which covers nonmetals.

The temperature ranges covered by the thermal
conductivity data for many materials are from near
absolute zero to past the melting point, though for
most high-temperature alloys the available dala are
limited to the solid range.

The data for the elements and a small number
of alloys have been critically evaluated, analyzed,
and synthesized, and recommended reference values
are presented. This procedure involves critical
evaluation of the validity of available data and
related information, resolution and reconciliation of
disagreements of conflicting data, correlation of

data in terms of various affecting parameters, and
comparison of the resulting values with theoretical

predictions or with results derived from semi-
theoretical relationships or from gencralized em-
pirical correlations. Besides critical evaluation and
analysis of the existing data, thermodynamic
principles and semi-empirical techniques are em-
ployed to fill in gaps and to extrapolate existing data
so that the resulting recommended values are
internally consistent and cover as wide a range of
the controlling parameters as possible. Future
editions of this volume will contain recommended
values for an increasing number of materials.

2. PRESENTATION OF DATA

The thermal conductivity data and information
on test specimens for each material are generally
presented in three sections arranged in the following
order: Original Data Plot, Specification Table, and
Data Table. For the elements and a small number of
alloys, a Graph and Table of Recommended Values
is added as a fourth section. Furthermore, for a
number of materials for which there exists only a
small number of data, the Original Data Plot may
be omitted.

The Original Data Plot is a full-page log-log-
scale graphical presentation of the original thermal
conductivity data as a function of temperature.
When several sets of data are coincident, some of the
data sets may be omitted from the plot for the sake
of clarity. They are, however, reported in the Data
Table and Specification Table.

The Specification Table provides in a concise
form the comprehensive information on the test
specimens for which the data are reported. The curve
numbers in the Specification Table correspond
exactly to thc numbers which also appear in the
Original Data Plot and in the Data Table. The
Specification Table gives for each set of data the
reference number which corresponds to the number
in the list of References to Data Sources, the year
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Numerical Data

of publication of the original data, the method of
measurement, the temperature range. the reported
estimate of error of the data, the specimen designa-
tion, and the specimen characterization and test
conditions. The information of the last category,
which is reported to the extent provided in the
original source document, includes the following:

(1) Purity, chemical composition, carrier con-
centration;

(2) Type of crystal, crystal axis orientation,
type and concentration of crystal defects;

(3) Microstructure, grain size, inhomogeneity,
and additional phases;

(4) Specimen shape and dimensions, method
and procedure of fabrication;

(5) Thermal history and cold work history,
heat treatment, mechanical, irradiative,
and other treatments;

(6) Manufacturer and supplier, stock number,
and catalog number;

(7) Test environment, degree of vacuum or
pressure, heat flow direction, strength and
orientation of the applied magnetic field;

(8) Pertinent physical properties such as
density, porosity, hardness, electrical re-
sistivity (residual, ratio, and tempcrature
variations), Lorenz non

(9) Reference matern‘u?‘ e comparauve
method of measurement;

(10) Form in which the extracted data are
presented in the original source document
other than raw data points;

(11) Additional information obtained directly
from the author.

Unfortunately, in the majority of cases the authors
do not report in their research papers all the necessary
pertinent information to fully characterize and
identify the materials for which their data are
reported. This is particularly true for the authors of
earlicr investigations. Consequently, the amount of
information on specimen characterization reported
in the Specification Tables varies greatly from
specimen to specimen.

In the Data Table, tabular presentation is given
for ail the data described in the Specification Table
and shown or not shown in the Original Data Plot.
Many tabular data which are not presented in the
original source documents have been obtained directly
from the authors through private communications.
Attempts have often becen made to contact the
authors for tabular data whenever the original data

are given ir. the research paper only in a figure too
small to warrant accurate data extraction compatible
with the reported accuracy of the measurement.
The thermal conductivity data are given in watts
per centimeter per degree Kelvin, and the tempera-
tures in degrees Kelvin. For data conversion, the
reader is referred to the Conversion Factors for
Thermal Conductivity Units given later.

The recommended thermal conductivity values
for a material are reported in a separate graph and
table following the Data Table. The estimated
accuracy of the recommended values and special
remarks on material characterization and identifica-
tion are also noted in the table.

3. CLASSIFICATION OF MATERIALS

The classification scheme as shown in the table
for the elements and alloys contained in this volume
is based strictly upon the chemical composition of
the material. This scheme is mainly for the con-
venience of materials grouping and data organiza-
tion, and is not intended to be used as basic defini-
tions for the various material groups.

‘*“" ""‘""“"“*4 SYMBOLS AND ABBREVIATIONS USED IN

THE FIGURES AND TABLES

In the Specification Tables, the code designa-
tions used for the experimental methods are as
follows:

Comparative method

Direct electrical heating method
Forbes' bar method

Longitudinal hect flow method
Periodic or transient heat flow method
Radial heat flow method
Thermoelectrical method

- morrmmO

Other symbols and abbreviations used in the
figures and/or tables are as follows:

b.c.c. Body-centered cubic

c. Cubic

c.p.h. Close-packed hexagonal

d Density

d. Diamond (crystal structure)
Decomp. Decomposition

f.c.c. Face-centered cubic

f.c.t. Face-centered tetragonal

h. Hexagonal
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Numerical Data

Limits of composition (weight percent)*

Classification X,

X + Xs Xa Xs
1. Metallic elements —--.... - >99.5 —_ <0.2 <0.2
- A, Binary
2. Nonferrous alloys —- — 299.5 > 0.2 < 0.2
alloys —_ — >99.5 > 0.2 >0.2
(X, # Fe) B. Multiple - <99.5 > 0.2 <02
alioys —_ <99.5 >0.2 >0.2
<99.5 — <0.2 <0.2
X, X, Xs Mn, P, S, or Si
[—Group I— ——Fe C<20 <0.2 < 0.6
— A. Carbon
steels — Fe c<20 < 0.2 > 0.6
LGroup ll——{Fe C<220 > 0.2 < 0.6
Fe C<0 > 0.2 > 0.6
~ Groupl ——-——Fe C »20 <02 <06
3. Ferrous --B. Cast
alloys ---——-- —— irons Fe C >»20 <0.2 > 0.6
(X, = Fe) L-Group ll——-{Fc C ~20 > 0.2 <06
| Fe C >20 > 0.2 > 0.6
1
i ¢ “Group I -————-Fe ¥ C <02and <06
L-C. Alloy <20
steclst —] Fe # C < 0.2 = 0.6
L-Group Il-—-—— Fe # C > 0.2 < 0.6
—Fe ¥ C :-0.2 ~0.6

‘X.thgZXJEX...‘.

tin case Mn, P, S, or Si represents Xz, this particular element is drop;:ed from the la<.

are 21so included in Group Il of this category.

- 1.D. Inside diameter

0.D. Qutside diameter
orthorh. Orthorhombic

~olumn. Alloy cast irons

©) Curv number
k Thermal conductivity (4] Single data point number
M.P. Melting point
monocl.  Monoclinic 5. CONVENTION FOR BIBLIOGRAPHIC
NTP Normal temperature and pressure CITATION

41a

For the following types of documents the bib-

Journal Article:

liographic information is cited in the sequences
given below,

a. Author(s)—The names and initials of all
authors are given. The last name is written
first, followed by tnitials.

b. Title of article—In this volume, the titles of
the journal articles listed in the Refcrences
to Text are given, but not of those listed in
the References to Dara Sources.

Journal title—The abbreviated title of the

journal as used in Chemical Abstracts is

given.

r. Rhombohedral
s.C. Superconducting
Subl. Sublimation
T Temperature
t. Tetragonal
; Temp. Temperature
{ T.P. Transition point
. Vit, Vitrcous
! P Electrical resistivity
! I3 Micro
i > Greater than
| < Less than
~ Approximately
r L T
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. Series, volume, and number—If the serias is
designated by a letter, no com
between the letter for series and the

. for volume, and they are underlined together.

In case scries is also designated by a numeral,

a comma is used between the numeral for

series and the numeral for volume, and only

the numeral representing volume is under-
lined. No comma is used between the
numerals representing volume and number.

The numeral for number is enclosed in

o qm"\mmguuﬂmwm‘-m\wum"wmmg

j is uscd“‘

P B e

. Pages—The inclusive page numbers of the

. Year—The year of publication.

. Title of report—In this volume, the titles of
the reports listed in the References to Text
are given. but not of those listed in the
References to Data Sources.

. Name of the responsible organization.

. Report, or bulletin, circular, technical note,

ao

= g Mo

. ASTIA's AD number—This is given in

square brackets whenever available.

Place of publication
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Numerical Data  43a

6. CONVERSION FACTORS FOR THERMAL
CONDUCTIVITY UNITS

The conversion factors given in the table on
page 42a are based upon the following basic defini-
tons:

lin. = 0.0254 (exactly) m*
11b = 0.45359237 kg*

1 caly, = 4.184 (exactly) J*

1 cal;r = 4.1868 (exactly) J*

1 Bty, Ib-* F-! =1cal, g 'C-'t
1 Btu, Ib-! F-? = 1 cal,; g-1 C-1¢

The subscripts “‘th™ and “IT" designate “ther-
mochemical” and “International Steam Tabie,”
respectively.

7. CRYSTAL STRUCTURES, TRANSITION
TEMPERATURES, AND OTHER PERTINENT
PHYSICAL CONSTANTS OF THE ELEMENTS

The table on the following pages contains
information on the crystal structures, transition
temperatures, and certain other pertinent physical
constants of the elements. This information is very
useful in data analysis and syntkesis. For example,
the thermal conductivity of a material generally
changes abruptly when the material undergoes any
transformation. One must therefore be extremely
cautious in attempting to extrapolate the thermal
conductivity values across any phase, state, magnetic,
or superconducting transition temperature, as given
in the table.

No attempt has been made to critically evaluate
the temperatures/constants given in the table and
they should not be considercd recommended values.
This table has an independent series of numbered
references which immediately follows the table,

*National Bureau of Standards, **"New Values for the Physical
Constants Recommended by NAS-NRC," N8BS Tech. News
Bull., 47 (10), 175-7, 1963.

tMuecller, E. F. and Rossini, F. D., “The Calory and the
Joule in Thermodynamics and Thermochemistry,” 4m. J.
Phys., 12 (1), 1-7, 1944.
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